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Abstract

Proper hazard identification has become progressively more difficult to achieve, in particular when
routine activities as safety reporting for well known technolsgiee carried out. This is witnessed by
several major accidents that took place in Europe in recent years, such as the Ammonium Nitrate
explosion at Toulouse in 2001 and the vapour cloud explosion at Buncefield in 2005. The actual
scenarios that took place&ere not considered by the site safety case because deviating from normal
expectations of unwanted events or worst case reference scenarios, despite several similar past
events were present in literature. Furthermore, the consideration of atypical accetmmarios is
complicated by the rapid renewal in the industrial technology, which has brought about the need to
upgrade hazard identification methodologies. In fact, accident scenarios of hew and emerging
technologies, which are not still properly idefigd, may remain unidentified until they take place for

the first time. Examples of new and emerging technologies can be found in Liquefied Natural Gas
regasification and Carbon Capture and Storage, where a lack of substantial operational experience
may lead to difficulties in the hazard identification. The consideration of atypical scenarios is thus
extremely challenging and neadentified scenarios constitute an unknown risk. For these reasons, a
specific method named Dynamic Procedure for Atypical Saenddentification (DyPASI), was
developed as a complementary tool to bdig identification techniques. The main aim of the
methodology is to provide an easier but comprehensive hazard identification of the industrial
process analysed. DyPASI is a metioodhe systematization of information from early signals of risk
related to past events, near misses and inherent studies. This allows defining and taking into account
atypical accident scenarios related to the substances, the equipment and the indysti@dss
considered. DyPASI features as a tool to support emerging risk management process, having the
LRGOGSYdArfAGe (2 oNBIF] a@AOA2dza OANDE Saé FyR (NA:
of previously unrecognized atypical scenariothim risk management process. DyPASI was validated
on the two examples of new and emerging technologies previously mentioned: Liquefied Natural Gas
regasification and Carbon Capture and Storage. By collecting and analysing relevant early warnings,
such asscientific and technical reports, past accidents and growing social concern issues, the study
broadened the knowledge on the related emerging risks. At the same time, it was demonstrated that
DyPASI is a valuable tool to obtain a more complete and updated/iew of potential hazards than

what could be obtained by a conventional HAZID technique. The HAZID analysis of CCS technologies
was performed in parallel with another methodology: ttiEop-downe approach. This allowed use of
different perspectives antb carry out a comparison of the two methods in order to find in which
conditions one is more suitable than the other. Finally, three methods for the development of early
warning indicators were assessed in order to tackle underlying accident causesfoe &omplete

action of prevention of atypical events. The Resiliebased Early Warning Indicator (REWI) method
and the Dual Assurance (DA) method were applied to the Buncefield oil depot, while the Emerging
Risk Key Performance Indicator (ER KPI) mettasdapplied to the LNG regasification technologies.
The indicators developed by REWI demonstrated a general capacity to cover underlying
organizational causes, showing a better ability to address the prevention of never previously
experienced events compad with the others. However, the main difference reported in the
comparison between the three methods concerns their possible dependence or complementarity
with DyPASI. In fact, the REWI method was found to be the most complementary and effective of the
three, demonstrating that the synergy of the two methods (REWI and DyPASI) would be an adequate
strategy to improve hazard identification methodologies towards the capture of atypical accident
scenarios.






Section 1

General introduction



1.1 Atypical accident scenario s: limits of current Hazld methodologies

Since 1976, when the major accident of Seveso (Italy) occurred and a completely unexpected
runaway reaction caused the highest known exposure of resident population to 2,3,7,8
tetrachlorodibenzep-dioxin (an extrerely toxic and carcinogenic dioxin (US NLM 2012, HSD 2012))
(Eskenazi et al. 2004), it was clear how complete and effective activities of appraisal and assessment

of potential hazards in the process industry are of primary importance for the preventioncbf s

accident scenarios. In fact, what remains unidentified cannot be prevented or mitigated and a latent

risk is more dangerous than a recognized one due to the relative lack of emergency preparedness.
¢CKAa G(GellS 2F a0Sy !l NA 2 dbecause/thep &Gn rottbe daptuved bySskindardt o | G
risk analysis processes and common HAZard IDentification (HAZID) techniques due to their deviation
from normal expectations of unwanted events or worst case reference scenarios.

In response to several EuropeBirectives, considerable investment were made by industry towards
the development and the extended use of structured HAZID techniques e.g. as Hazard and

hLISNIoAfAGe 'ylfteara ol FThLW® ! QhGdar tfexr GKS a{ S¢
2003/105/EC (Council Directive 1982, Council Directive 1996, Directive 2003)) concerning the control
of majorl OOARSY{ KIT I NRa Ay@2ft@Ay3d RIYyaIASNRdzA adzadidl

NBLI2ZNI ¢ F2NJ £t Ayadldl t fslofithe Diyedative¥F Within thg SafetgzsepoB, NJ (G K S
the systematic identification and assessment of possible accident scenarios is required. These safety
cases should provide worshse scenarios and safety measures that are used for the operations
licensing ad for the design of safety perimeters (Land Use Planning), as well as for emergency
response planning (Papadakis and Amendola 1997). However, despite the measures taken, atypical

I OOARSyGa FNB adGAaff 2 0O0dzNNA y I d ¢ gcnarigashadeytioFeA O y (i
occurred at Toulouse (France) and Buncefield (United Kingdom), respectively in 2001 and 2005. The
SELX 28A2Yy-aLIBOXNKBOLGRAHY 44 | YY2YAdzY bAGNIGS 6! bo
factory AZF (Grande Paroisse) at Tostouaused 30 fatalites amdm ®p o0 Af ft A2y Ay Rl Y
scenario considered by safety reports was an AN storage fire (Dechy and Mouilleau 2004). At the oil
depot of Buncefield a Vapour Cloud Explosion caused £1 billion of damage but fortunately no
fatalities (MIIB 2008). Irhis case the worstase scenario identified in the HAZID process was a much

less severe gasoline pool fire (MIIB 2008). Thus, in both cases, the accident scenarios that took place
were not considered by the safety report of the site.

Other similar past aédents anticipated the atypical events at Toulouse and Buncefield. In fact, many
severe AN explosions occurred between 90 to 60 years ago, and VCEs involving gasoline and light
hydrocarbon fuels occurred on average every 5 years since mid 1960 in oilsd@pidB 2008).
Furthermore, after 2005 other similar VCE explosions took place (CNN 2009, Indian Oil Corporation
2009). This highlights that all the lessons coming from early warnings (which in this case are major
accidents, but that can be also near misseishaps or specific studies) are not always effectively
learned and put into practice.

Another latent risk can be represented by the accident scenarios related to new and emerging
technologies, which are not still properly identified, and that may riemumidentified until they take

place for the first time. Examples of new and emerging technologies can be found within the fields of
Liquefied Natural Gas (LNG) regasificatibiguccioni2010) and Carbon Capture and Storage
(Paltrinieri 2010), where newnal alternative technologies are being defined and the scale and extent
of both the substances (LNG and L @andling is set to increase dramatically. Thus, a lack of
substantial operational experience may lead to difficulties in identifying accuratelyhézards
associated with the process. Hence, these new and emerging hazards may comply with the definition
2F alFGeLIAOFté aOSYyFNAR2& LINBGA2dzate RAaOdzaaSRo
Thus, the phenomenon of atypical accident scenarios (described further in section 2) highlights an
emergng need of a revision of the current HAZID techniques with the purpose to develop a
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methodology capable of comprehensively identifying atypical accident scenarios by learning from
early warnings andapturing evidence of new hazards to consider as sodhescome to light. For

this reason a new and advanced methodology was developed and validated on topical and urgent
cases within this study.

1.2 The need of a new methodology for the identification of atypical accident
scenarios

A preliminary application aé wellestablished HAZID methodology, such as the tievanalysisto

the oil depot at Buncefield and the AN warehouse of the nitrogen fertiliser factory at Toulouse
(section 2)demonstrated its inability to properly capture the actual accident scenafibss was
detected despite the MIMAHMethodology for the Identification of Major Accident Hazards)
methodology was used, a systematic and advanced HAZID technique developed within the European
Commission FP5 ARAMIS research project (Delvosalle et al. i2004der to answer a growing
concern on the effectiveness of such methodologies.

MIMAH wastaken as a basis to build a new procedure for the identification of Atypical Scenarios,
which wasnamed Dynamic Procedure for Atypical Scenarios Identificatio®PABi). The new
technique (described in detail in section 3) was developed in the framework of the European
Commission FP7 iNT&isk project, a European Commission 7th Framework Programme dedicated
to the Early Recognition, Monitoring and Integrated Managat of Emerging, New Technology
Related Risks (Paltrinieri and Wardman 2010). In fact, it aims at a more complete and comprehensive
identification of emerging and atypical hazards by systematizing information from early signals of risk
related to past initent events, near misses and inherent safety studies.

Once developed, DyPASI was validated on the two topical and emerging industrial fields previously
mentioned, whose relative lack of experience in related risks can potentially give rise to atypical
acddent scenarios: Liquefied Natural Gas (LNG) regasification and Carbon Capture and Storage.

1.2.1 Application of DyPASI to new and alternative technologies for LNG regasification

World consumption of natural gas is rising and is still expected to rise in thdutase (IEO 2010).
Nevertheless most of the western countries, first of all EU countries, rely upon imports in order to

meet their energy needs (EUROSTATLRdespite almost thredj dzl NI SNE 2F (G KS 62 NI F
reserves are located in the Middleag& and in Eurasia (IEO 2010). This means a dramatic
development of LNG transport chain, which has inevitably led to the development of new
technologies, mainly related to advanced floating andsbibre LNG terminaldJguccioni 201))

which are not exempfrom risks related tadhe hazardous substance handld¢lde equipment and the

industrial process.

These emerging risks posed by innovations in transport vessels and regasification units were
preliminarily investigated in the iNTdRjsk Project, where sdions based on qualified and
standardized approaches for risk assessment and management were developed. Then, results were
further processed within the present study, where available knowledge was complemented and
organized and rare potential accident segios were identified by means of DyPASI.

1.2.2 Application of DyPASI to Carbon Capture and Sequestration technologies and

AT T DAOEOIT xEDEl OEADDOI BAAE
A sadly famous example of the harmfulness of concentrateds®e limnic eruption at the volcén
lake Nyos in Cameroon, which released approximately 1.24 MT pinGOfew hours killing 1700
people (IEA GHG 2011). This and other events can raise issues relating to the safety of equipment
and operations throughout the new technology of Carbon Cagptand Sequestration (CCS), where
the scale and extent of GQhandling is set to increase dramatically. Identification of atypical
scenarios related to CCS is therefore a great challenge, considering also the public concern and the
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controversy that this tehnology raises (Bradbury et al. 2011, CCJ 2011a, CCJ 2011b, CCJ 2011c, CCJ
2011d, CCJ 2011e, Citizens 2011, EREC 2008).

In this case a HAZID process on CCS surface facilities was performed by means of two different
approaches to the problem: the DyPASTR éREB%LYE | ! L5 YSGK2R2t23ASa
results and techniques themselves were assessed and compared. This provided opportunity to
outline a series of atypical accident scenarios that are characteristic of the technology considered

and suggest aath to follow in CCS HAZID processes by identifying the best conditions in which the

two approaches should be employed.

1.3 Development of suitable indicators

HAZID processes are obviously unable to identify unexpected events that have never occurred and
forg KAOK GKSNB A& y2 adzAlGlrofS AYyF2NNIGAZ2Y 6dal y1y2:
by means of DyPASI. A proactive approach acting on background conditions promoting atypical
scenarios is needed. A possible strategy is the continuous vigitarmegh the use of indicators,

which can unveil early warnings of major accidents. Three examples of methodologies for the
development of early warning indicators are the Resilience based Early Warning Indicator (REWI)
method by SINTEF (research instititeNorway) (dien et al. 2010a, Jien et al. 2010b), the Dual
Assurance (DA) method by HSE (Health and Safety Executive in UK) (HSE 2006) and the Emerging Risk
Key Performance Indicator (ER KPI) method developed within the framework of-RiEke{Friis

Han®n et al. 2010). These methods were considered for their application in the identification of

early warnings of atypical events in synergy with DyPASI (section 4).

The REWI and the DA methods were applied to a representative case (a Buditefisitk),in order

to obtain indicators to compare with the actual causes of atypical accidents such as Buncefield and
similar ones. Thus, an assessment was made whether any of the indicator sets could have identified
early warnings enabling the site operators toepent the accidents from happening. Moreover,
within the framework of the iNTeRisk project a system of ER KPI indicators were developed to
manage emerging risks related to the new and alternative technologies of LNG regasification (Friis
Hansen et al. 210, @ien et al. 2010b).

An assessment of the possible synergies of the three methods with the DigeAStuewas carried
out to determine whether an integrated approach may be obtained to provide a more extended
ability to dcope with the unexpected(Woods 2006).

1.4 Organization of the present report
The present thesis was divided in 5 sections:
a general introduction to the problem (section 1);

section 2 is dedicated to the issue of the identification and prevention of atypical accident
scenarios;

1 an impoved HAZID methodology to tackle the problem is proposed and its validation is
described in section 3;

1 indicatorbased methodologies to support the HAZID process are presented in section 4, and
1 general conclusions are given in section 5.

Annexes |, Il antl report all the background activities performed, concerning literature research and
data analysis, on which the present work was based.

An accurate definition of the concept of atypical event is given in section 2, borrowing the idea of
aYYy 20y Kk, yeyert? fioyhéthe statement of Donald Rumsfeld relating to the absence of

12



evidence linking the government of Iraq with the supply of weapons of mass destruction to terrorist
groups (US DoD 2002). Moreover, management of atypical events is described bifiachvaasion
of the Risk management cycle by M. Merad (Merad 2010).

Section 2 gives also a comprehensive description of two atypical major accidents (Buncefield 2005
(MIIB 2008) and Toulouse 2001 (Dechy and Mouilleau 2004)), which are taken as examples t
illustrate some peculiar characteristics of atypical scenarios. Causes, consequences and occurrence
mechanisms are widely studied by following a systematic approach to atypical accident analysis in
order to isolate general failures of risk assessmentpnagement and governance and thus define
targeted recommendations. The original detailed analysis of the two mentioned atypical major
accidents, together with the analysis of the atypical major accidents occurred at Newark (1983),
Naples (1985) and Saint Héain (1991), which were performed for the EC project iNRek, are
reported in annex I.

The accident analysis in section 2 includes also an assessment of a well known HAZID technique such
as MIMAH (Delvosalle et al. 2004), which was applied to the dases in order to identify the
accident scenarios occurred. Once demonstrated the inability of the technique to catch atypical
scenarios, an approach for future risk assessment processes is proposed on the basis of lessons
learned from past accidents.

Secton 3 describes general features and steps of the new methodology developed on the basis of
the findings from the analysis of atypical accidents: the DyPASI methodology. Issues tackled and its
role in management of emerging risks is explained in ordeietteb comprehend the HAZID process

by means of this new technique on two topical subjects, such as LNG regasification and CCS
technologies.

Thus, in section 3, after a general overview (based on a preliminary survey of the available
technologies presentni both the industrial fields, entirely reported in annexes Il and IIl) and a
description of the application process, potential atypical accident scenarios inferred from the
available early warnings collected for the two technologies are shown in the fdrinow-tie
diagrams. This demonstrates how to broaden the knowledge concerning the risks related to these
technologies and, at the same time, the effectiveness of the DyPASI methodology in identifying
atypical accident scenarios that otherwise would be canisidered by common HAZID techniques.

Moreover, in the second casdudy (CCS technologies), DyPASI was compared to an analogous

0§ SOKY Al dzR2wyKES FHALALMNBL OKO Ay 2NRSNJ G2 R2dzof S OKSC
best conditions in which oner the other method should be employed.

Section 4 addresses the issue of remaining potential accident events, uncovered by DyPASI because
YSOSN) SELISNASYOSR FyR F62dzi gKAOK GKSNB | NB y?2
events). An alternative ggoach aiming to reduce their occurrence probability is proposed by
showing 3 methodologies for the development of early warning indicators: the Resilience Based Early
warning Indicator (REWI) method, developed by SINTEF (QDien et al. 2010a, Jien €dkgl. thel

Dual Assurance (DA) method, developed by HSE (Health and Safety Executive) (HSE 2006), and the
Emerging Risk Key Performance Indicator (ER KPI) method, developed within the framework of
iNTegRisk (Friiddansen et al. 2010).

After a brief descripon of the methods, the indicators developed by the REWI and DA methods for a
Buncefieldlike oil depot and the indicators developed by the ER KPI method for LNG regasification
technologies are presented and discussed. In particular, indicators obtaomdfie oil depot were
compared with the direct and indirect causes identified by the analysis of the Buncefield accident in
order to demonstrate their capability to cover the causes of an atypical accident scenario. Moreover
the complementarity and the degmdence of the three techniques were assessed in order to identify

a valid support to DyPASI for the identification and prevention of atypical accident scenarios.

13



Finally section 5 gives general conclusions to this work. An overview of lessons learneddrsd
are presented, on the basis of which a general approach to the important issue of atypical accident
scenarios is outlined for a more holistic and effective action of prevention.

14



Section 2

Atypical accident scenarios: analysis and lessons learned

15



2.1 Introdu ction

The recent occurrence in Europe of several major accidents, whose scenario was not considered by
their site safety report, has brought to light the critical issue of atypical accident scenarios. Atypical
accident scenarios are articulated phenomewn&ose identification and prevention can be obtained

only after a deep understanding of their direct and underlying causes by means of a holistic approach
of analysis. This is greatly challenging and not only would help to identify this kind of scenario in
HAZID processes, but the rewards would be high in public safety, environmental damage and loss
prevention.

For this reason, the concept of atypical event is defined in detail in this section and the two atypical
accidents occurred at Toulouse in 2001 amch@&:field in 2005 are discussed to illustrate some of the
characteristics of atypical events. Causes, consequences and occurrence mechanisms are studied in
order to identify general failures of risk assessment, management and governance and thus define
targeted recommendations. This-depth analysis paves the way to an assessment of a well known
HAZID technique such as the bties analysis, through which an attempt is made to identify atypical
scenarios. Also this phase of analysis finally contributesetommendations that should support

future risk assessment processes on the basis of lessons learned from past accidents.

Thus, in the present section a new methodology for the identification of atypical scenarios is not
suggested, rather a specific apprbais introduced, coordinating a more effective use of knowledge
and available information, in order to suggest that the experience learned from past accidents can be
effectively translated into actions of prevention and give rise to general practices auf gsk
management.

2.2 Definition and examples of atypical accident scenario

221$AEET ET ¢ O! OUPEAATI 6 OAAT AOEIT O

'y T OOARSyld aO0OSyFrNAR2 OlFly o6S OflFaairFTFASR Fa aldelL
analysis processes and common HAZard |DentificatiéxZI(p) techniques because of deviations

from normal expectations of unwanted events or worst case reference scenarios. As recent
experience witnesses, atypical scenarios can have a large magnitude and their low probability has
facilitated their possible oeorence to be neglected, inferring that they were outside the model of

possible realistic outcomes (Dechy et al. 2004, MIIB 2008). Moreover, atypical accident scenarios can

be related to new and emerging technologies, which are not still properly idemtified that may
remain unidentified until they take place for the first time.

The inclination to consider events that have occurred more predictably than they were before they
G221 LIXIOS Aa | 0O02YY2y &a20Alf 0SKI Qude dahNbey | YSR
SELX FAYSR o6& GKS FFLOG GKIFIG Ly S@Syd GKIFG KIFa 2
possible outcome that has not (Bradfield and Wells 2005).

Nevertheless the accidents analyzed in this work show that sometimes atypical events are
anticipated by signals or even similar past events, but lessons to be learned are not learned or simply
forgotten (Dechy et al. 2008, ESReDA 2009). Thus, the problemeaband presenthut lack of

knowledge management impeded its identification.

Thisissk y SEFYLXS 2F | aoftl O]l aslyés 6KAOK g a | YSi
KAAG2NAROIEf NBO2NR&a& 2F aglya NBLR2NISR GKIFIG GKS& |
Ay GSNNAA yAINRIdzS aAYAff andiverydike @ylack swar) (JuNénalE 0 A N
Satires VI, 165). This belief lasted until a specimen of a black swan was found in Western Australia at

the end of the 1% century and the term became the symbol of disproved impossibility (Taleb 2007).

The examplel®ows that what is unknown does not coincide with what is impossible.
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On the basis of available information, atypical accidents can be classified in two separate groups,
which are included ifablel and marked in red:

 events whichwe are not aware we do notAknO\iv, bepauge they have never ocqurregl or there o
I NB y2 NBO2NRaAP ¢KSAS S@Syida OFy 6S RSTAYSR |
1 events which we are not aware we know, because they have already occurred in the past
and/or there are records df KSY® ¢KSasS S@gSyia OFly 0SS RSTAYSR

TablelAKnown/ Unknowno table from the statement of Dona
evidence linking the government of Iraq with the supply of weapons of mass destrimt to terrorist
groups (US DoD 2002)

Knowledge Lack of Knowledge

Known Unknown

Awareness

Unawareness

Awareness is an important basic learning factor to properly manage the aspect of atypical accidents

and ths study aims to act on this factor by means of a better use and interpretation of available
AYVF2NXYIGAZ2Y D 1y SFFSOUALBS (1y26ftSRAS YIylI3ASYSyd ¢
YYy26yé S@SyGa (2 dabgp, del to ¥wisghhtthave eSnastudied, analyzed

YR O2YLX SGSte aaAYAflFGSR Ayd2 GKS LINRBOSaa 27F
A0Syl NA2a 6KAOK KIF@S 06S502YS adGeLa Ol fédioyake SELISNI
an effect on their level of risk.

Nevertheless, there will always be some potential events that have never been experienced or about

which there is no information or knowledge (limits to conceive and imagine some scenarios). If we
arenotaware2 ¥ G KAa fAYAOGZ GKS 200dz2NNByOS 2F +y al!yly
fact, in order to tackle this kind of events we shift from prevention issues to precaution principles.

Since we can not identify and prevent all the possible scenarios, wedsbonsciously face our limits

of overcoming the feeling of hindsight bias and recognize, and to some extent, define what it is we

do not know. We can make assumptions as to the nature of the risk, which may be open to debate,

and may need to be refinedsamore information becomes available, but we can make a start in
assessing the risks (Atkinson et al. 2010). Moreover, as Patrick Lagadec affitrasgiestion des

criseg (Lagadec 1994), we should prepare for crisis management in the case of inevialeeace

of accidents. In this way ifiablel$ S O2dzZ R AKAFTd FTNRBY GKS NBR | NBI
G2 GKS &Stt2g INBlI 2F aYy2sy |yly2eyé S@Syiao
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No uncertainty

of the event e, (o%
Y8 0r
’ Yo
Precaution Prevention ’.‘:’boﬁ
; ; v
Suspected Recognized risk A\
(known unknown) s
risk Failure in KM and IM Compensation
seq’
<&@ Occurred risk
Reasonable doub Unknown known risk
; Case 1
Exoneration
Unknown unknown risk
Total uncertainty
of the event | A AA A A
Historical events Atypical event

[ Atypical eventrisk |

Figure 1 Risk management cycle by. Merad (Merad 2010) modified to describe management of atypical
event risk. Line colours refer to table I. KM = Knowledge Management; IM = Information Management.

A clear description of what has been affirmed can be giveRigyrel. If the level of risk awareness

is excessively low, the risk management will develop with total doubt of an atypical event risk (case 1
line). Moreover, if historical events are not considered the only chance to take into accaeint th
latent risk is the occurrence of an atypical event, which will then lead to a phase of compensation in
risk management. Whereas risk management described by case 2 line is the one analysed by this
contribution. In fact, awareness of potential latent gstogether with a proper action of precaution

and prevention, through an effective knowledge management, would allow better tackling the
problem of atypical events without necessarily experiencing it or losing memory of it.
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2.2.2 The atypical major accidents a t Toulouse and Buncefield

In the last decade two major accidents of great relevance for damage extension and casualties
caused have been witnessed in European process industries. The actual scenarios occurred were not
considered as credible scenarios bgithrespective safety reports. Safety report, Land Use Planning
procedures and emergency response measures basically took into account different and relatively
milder cases. The two accidents at issue occurred at Toulouse Br8@ditember 2001 and at
Buncfield on 11" December 2005Table2).

Table 2 Atypical accident scenarios occurred at Toulouse and Buncefield (Dechy and Mouilleau 2004,
MIIB 2008). For more details about the accidentsee Annex I.

Place Toulouse Buncefield
Date September 21 2001 December 11 2005
Industrial system Ammonium Nitrate factory Oil storage depot
Short description Explosion in a warehouse whel Ovefilling of an unleaded petro
ooff-specificationé Ammonium | storage tank leading to a dispersiq
Nitrate (AN) was stored. of flammable vapour anq
subsequent Vapour Cloud Explosi
(VCE).
Worst scenario considered by AN storage fire Large pocfire

safety report Other plant worst case scenarig

(ammonia, chlorine)

Fatalities 30 None

Injuries 10,000 physical injuries (estimate) | 43 minor injuries

14,000 posttraumatic acute stress

Damages emMm®dp (G2 HDdp oAt f|£1bilion
27,000 houses damaged

At Toulouse an explosion took place in a warehouse, located among process, storage and packaging
areas of the plant which mainly produced technical grade ammonium nitrate (AN), ammonium
nitrate-basedfertilisers and other chemicals including chlorinated compounds. Due to the vicinity of
the plant to the city of Toulouse, the effects to people and the damage were catastrophic (Dechy and
Mouilleau 2004).

The warehouse was used as a temporary storagififspecifications AN and AN based fertilisers

that would later be recycled in other fertiliser plants. This explosion scenario was neither considered
in the safety studies, nor in the Land Use Planning (LUP) safety perimeters, and neither in the
emergeicy response plans, which were based on the worst case of an AN fire (Dechy et al. 2004).
The explosion scenario was excluded by the fertiliser industry guideline and the LUP and emergency
response plans relied on toxic release scenarios (ammonia, chlavinieh were considered as the
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worst case scenarios. In addition, the Seveso Il directive did not explicitly address the risk posed by
ooff-specificatiod AN (Dechy et al. 2005). Today this kind of material with inadequately defined
properties is classifeék in Directive 2003/105/E (Directive, 2003) at a risk level similar to technical
grade AN manufactured for explosive purposes.

An overfilling of unleaded petrol in one of the storage tanks occurred at the Buncefield oil depot
caused a release that led the formation of a flammable vapour cloud, which dispersed inside the
plant and among the surrounding facilities. As soon as the vapour cloud came into contact with an
ignition source (it is believed to have been in the fire pump house, in the generator @afrom a

car engine), a VCE (Vapour Cloud Explosion) of unexpected strength was generated. Large parts of
the depot were destroyed, damage to surrounding property, and disruption to local communities
were recorded (MIIB 2008).

The compulsory Sevesas#fety reports drawn up for the Buncefield site did not foresee any scenario
of this kind. Formation of a vapour cloud as result of a tank overfilling and a consequent powerful
blast with domino effects was not considered sufficiently probable or readgnaalistic, both by

the industry and the competent authorities, to be taken into account. In fact the worst credible
scenarios for this site were believed to be a major liquid fuel pool fire. A vapour cloud explosion was
only initially considered, but &ing from tanker loading operations and not tank storage.

Both the accidents have been considered the result of atypical scenarios, whose actual risk was not

O2yaOrzdate | 3aa84a4a8SRd Ly TFFEOGT NAR&] A& RSTAYSR

according to Kaplan and Garrick (1981), but consequence for Toulouse and both the elements for
Buncefield are proved to have been disregarded, as showalite3.

Table 3 Remarks on the assesment of risk of atypical scenarios for the cases of Buncefield and Toulouse
(Dechy and Mouilleau 2004, Dechy et al. 2004, Dechy et al. 2005, MIIB 2008).

Risk of atypical scenarios

Probability Consequence

Consequences of VCE were not assessed beg
Probability was assumed low but: it was not known that:

- VCEs caused by a LOC of gasoline occurred - the tank design could cause a mechan
average every 5 years since mid 60algle?), Improving evaporation

- LOC from fuel storage tanks are relative -~ Such large opeair flammable clouds coul
frequent (8 events from 1993 to 2005 and lead to a VCE instead than to a flash fire.
estimation of 1 overfilling every 3® filling | Consequence ctd have been worse but it wi
operations). early Sunday morning and commercial proper

in the vicinity were almost empty.

Buncefield

- Probability for AN not to be in normg Actual consequences were not assessed becal
conditions (unpolluted, unconfined) in

warehouse storage was considered very low| - it was not considered that espec AN could

explode in unconfined storage conditions.
- Quality pracedures with notwletonability test

would further reduce the latent risk - Seveso Il regulation did not consider the r

raising from offspec AN. Today, ofépec AN
- Probability to initiate an explosion we is considere@s sensitive as technical grade.
considered low even with fire source

Toulouse

Consequence could have been worse bec

- Disasters that could have changed | considerable amounts of other hazard
knowledge base occurred during transportaj substances (e.g. ammonia and chlorine) W
with high confinemenandpollution. stored in the site.
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2.2.3 Repetition of unheard atypical accidents

The atypical events have the paoi#al to reoccur until they are identified by HAZID processes and

I 2 ARSRZ LINBOGSYGSR 2NJ YAGAILIGSR o0& LINBLISNI ar ¥Si
event of a VCE in an oil depot generated by the ignition of a flammable vapour cloud has
unfortunately occurred again less than 4 years after the accident at BunceFiided).

Table 4 Comparison between the accident at Buncefield, San Juan Bay and Jaipur (MIIB 2008, CNN
2009, Indian Oil Corporation 2009). For more details about the comparison of the three accidents see
Annex |.

Buncefield San Juan bay Jaipur
Accident scenario VCE and severe mutank fires
Substance involved Gasoline
Loss Of Containmen Overfilling. Vapadeation Suspicions qf oyerf!lllng Open valve. Upward

. and vaporization in spray for tank head
(LOC) in cascade.

cascade. pressure.

Source of ignition Pump house Wastewz‘;;:reatment Pump house

Two accidents within a few days from each other took pladbaiCaribbean Petroleum Corporation

of San Juan BayPuerto Rico (23October 2009) and at M/S Indian Oil Corporation of Jajdudia

(29" October 2009)In these accidents the entire installations were totally destroyed and buildings in
the immediat neighbourhood were also heavily damaged. Moreover at Jaipur 11 persons were
killed and 45 injured@NN 2009, Indian Oil Corporation 2009)

Table 4 shows a comparison between the accidents at Buncefield, San Bagnand Jaipur,
highlighting the several aspects they have in common. An important correspondence can be found in
the features of the loss of containment (LOC), that in the San Juan Bay accident are believed to be
the same as in the Buncefield accident,emhn the tank overfilling caused a cascade of droplets at
elevation, promoting the evaporation of lighter compounds of petr@N{N 2009) A similar
mechanism of evaporation occurred at Jaipur, where a vertical spray of petrol due to head pressure
of the tark flowed from a valve left operirndian Oil Corporation 2009)

The occurrence of these two accidents is a demonstration that the early warning and not weak signal
of Buncefield disaster remained unheard and no efforts were made to learn and progress by mea
of the experience from past events. In addition, as we will see later, Buncefield was not the first
accident of this kind.

2.3 Approach to information management

2.3.1 Systematic approach to atypical accident analysis

In order to obtain general lessons on ideiaidftion and prevention of atypical accident scenarios, a
detailed study of particular cases has been carried out. The two major accidents previously described
have been analyzed following a systematic approach, which is representadurg2.

21



Level of information processing

[ General details ]—»[ Application ofMIMAI—]

[ rlntegration of atypical events
Consequences '—» .
L in the event trees

( .. .
Definition of defective and
Event management and . .
. effective safety barriers in the
aftermath actions
event trees

\\

[ Timeline of events ]

qntegration of atypical events
and definition of defective
and effective safety barnjers
\_ in the fault trees

according to the
iNTeeRisk

Causes  |jmump
framework

[ Lessons learnt ] | Suggesﬂon_for new saf]aty
barriers

Level of information deepening

(] Incident analysis :] Bow-tie analysis

Figure 2 Representation of the analysis carried out in relation to management of available information

The indepth analysis, according to a common specific scheme, has produced mutually comparabl
results. Moreover, the application of a widely used HAZID methodology such as MIMAH
(Methodology for the Identification of Major Accident Hazards) (Delvosalle et al. 2004), allowing for
the information gathered in the analysis, has brought to light deficies and flaws of the
identification process of atypical accident scenarios.

Figure2 also shows how the methodology aims to reach adequate levels of information deepening,
in order to obtain a global view of ¢hproblem and to assimilate, learn and generalize the lessons
obtained.

This approach may be considered as an example to follow in order to find any evidence of atypical
accident scenarios, but also to have a deep, complete and holistic approach to theantprocess

of hazard identification and more generally to risk assessment.

2.3.2 In-depth analysis of atypical accidents

The process of accident analysis is presentdeigare2 with light orange rectangles and iparts are
in order of ascending level of information deepening.

Starting from more superficial information concerning the general details concerning event and site,
the analysis goes deeper into the matter and addresses the early warnings occurred piti@r to
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event. The early warnings can be defined as signals showing a potential risk and in this case can be
found in past similar accidents (IRGC 2009).

The atypical scenario is then reconstructed and the various accident phases examined. It should be
noticed that onFigure2, to comply with the axis, the accident reconstruction is apparently carried

out backward through time, from consequences to causes. However this is due to the need of higher
information deepenig in identifying causes and triggering events, which are often guesswork and
can be the subject of legal action (e.g. Toulouse and Buncefield). In addition, causes are also object of
a further analysis because grouped and classified as failures of thg-RiSleframework (iINTeBisk

2009) based on the International Risk Governance Council risk governance framework (Renn 2005)
(seeTableb5). Basically, the framework is a combination of the different levels of rekagement

and the phases of risk governance, and allows a comprehensive approach to the issue.

Finally official lessons and recommendations from the investigations of those accidents are
extremely useful for this kind of study, because they help us irHAZID process, the safety barrier
identification and other root causes identification with related countermeasures.

The sources of information are mainly the official investigation reports drawn for each accident, the
accident databases to collect early mungs and expert knowledge.

2.3.3 Bow-tie analysis of atypical accidents

The application of MIMAH has allowed us to tackle some of the weakness of HAZID techniques to
capture atypical scenarios. MIMAH is a wkelbwn methodology created for the EC project ARBMI
(Delvosallest al. 2004), whose results are betie diagrams referring to different typologies of Loss

of Containment (LOC). The diagrams are obtained from generic fault and event trees obtained on the
basis of equipment and substances considered.

As shavn inFigurel, the bowtie analysis may be applied at higher level of information processing in
relation to the previous accident analysis. It can be summarized with 3 main steps:

9 Step 1lconsists in the actual cetruction of the bowtie diagrams observing the MIMAH
methodology and considering the equipment and the substance involved in the accident. The
general details of the accident previously gathered are the only information needed in the
first step Figure2).

i Step 2aims at adding those missing bdig branches that refer to actual scenario that
occurred in the accidents considered. This step does not actually follow any methodology,
but it has become necessary becawmypical scenarios, by definition, are hard to identify.
This step is split in two iRigure2, where firstly the integration of atypical events to the
event tree is considered, then the integration of the fatrtte is afforded. The necessary
information to fulfil this step comes from the definition of causes, consequences and
timeline of events within the previous analysis.

f Instep3al FSiG& oFNNASNE FINB AyiS3aINIYGSR xafang GKS
engineered systems or human actions based on specific procedures or administrative
O2y i NRB t A ¢ et al. 3084). Dieid pufpdséis to avoid, to prevent, to control or to limit
an accident event. For their addition a second ARAMIS methodatatigd Methodology for
the ldentification of Reference Accident Scenarios (MIRAS) (Delvesalle 2004) was
selected and applied. Moreover a differentiation of safety barriers is carried out to
distinguish effective from defective ones and the introdant of new safety barriers is
considered. IrFigure? this last step is split in three because there are three different sources
of information in the previous analysis:

R

0 1KS 580GA2y lo2ddi GSEEBYGKYFQHEASYSY(lEYRSE

of safety barriers in the event tree;
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barriers in the fault tree;

o0 recommendations allow the outlining of new and more effective safetyibia to
block atypical events and system changes to address root causes.

2.4 Results

Annex | reports the analysis of the atypical accidents at Toulouse and Buncefield and other
Buncefieldlike accidents occurred in history before 2005. The study allowed rgildg a wide series

of failures in many aspects of the risk management and governance process. The principal
deficiencies were localized at the basis of the process of risk analysis performed for the two cases
considered, i.e. in the information managemextd in the hazard identification phase.

2.4.1 Failures in risk management and governance

The detailed analysis of the two atypical accidents considered (Toulouse and Bungéimiéx 1)
has brought to light direct and root causes of atypical accidents, wizieh been classified using the
iNTegRisk framework, developed within the FP7 project iNR&sk (iNTedrisk 2009).
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Table 5 Representative examples of failures of the iNTeRisk framework aspects gathered in the analysis

of atypical accidents.

RISK GOVERNANCE

Pre-assessment

Risk Appraisal

Tolerability,
acceptability,
judgement

Risk Management

Past VCEs in oil depot

VCE in oil depots not
deemed a credible
event (oil depot

VCE presumed to nee
exclusively high level ¢
containment
(Buncefield)

Large variation in worg
case scenarios selecti

High level alarms on
tank not working
(Buncefield and Naple

communication

process issues by
management
(Buncefield, Toulouse

and workforce
(Buncefield, Naples,
Newark).

Technology, not considered in risk |accidents). (ammonia leaks) and | )
technical assessmentprocessey ~ _ ___ _ _|consequencesanges irFailure of a pipe rubbg
(oil depot accidents). WA &1 &-42J5 O& |the assessment of ~ |j0int not specified for
not fully understood  |comparable AN plants|use with gasoline (St
(Toulouse). (Toulouse). Herblain).
Explosion risk of AN
without confinement
considered unlikely
No adequate
. Ineffective risk supervision to ensure
Insufficient - . . .
. communication Risk levels considered|that stipulated
understanding of ;
Governance, between managementjunder control by operations were

management (St
Herblain, Newark).

actually being followeg
nor for ensuring
operators properly
trained (Newark).

Subcontracting of som
activities meant that

Frontline staff not

Risk levels considered

Negligence from the

standardisation

in policies and
regulation of some
storages (Toulouse).

fixed roof tanks (St
Herblain).

Human, . . trained to diagnose workers maybe due to
experience ad risk . . low amongst personneg . .
management potential accidents low risk perception
awareness was lost . (Newark, Naples)
(Buncefield) (Newark, Naples).
(Toulouse).
No Seveso Il regulati
R f éoff- £ AN.
'b FSNIALA ot cwli-spee
i explosive risks not No requirements for |AN explosion not Deviations from
Pdicies, . . . : .
. adequately considereqVCE analysis except ifrequired for worst casgprescribed procedures
regulation  ang

scenario (fire)

Inadequacy of LUP
processes (Buncefield
Toulouse and Naples)

occurred (Newark,
Naples).

Table5 shows representative failure examples for each aspect of the framework, highlighting that
atypical accident scenarios are a product and a combination of failures from different levels ef socio
technicalsystem Rasmussen 1997). Thus, any prevention giame efficient and thorough, should
address all the levels of risk management and governance where needed. In fact, an atypical accident
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scenario is a complex phenomenon constituted by a chain of events and a web of relationships with
human, organisatioal and societal factors that cannot all be classified as atypical them&eBase

of them may be defined as common deficiencies, whose probability is often relatively high. Examples

of this kind of events are the pipe leak occurred at St. Herblain ordtt Sy SNI € y S3f A 3Sy
reported in the official report) from the workers at Newark and Naples.

2.4.2 Early warnings

The analysis of the past accidents has also demonstrated that for both the accidents of Buncefield
and Toulouse early warnings showing potelltastypical hazards were present but were not
O2yaARSNBR 2NJ NBO23yAT SR ¢Kdzaz 020K (GKS S@Syida C

Table 6 Major explosions involving ammonium nitrate prior to the Toulouse accident (Marlair and
Kord ek 2005)

Location Date Comments

Oppau, Germany 21 September 1921 Attempt at loosen (with explosives) a fertiliz
mix (Ammonium sulphate and nitrate). 45
fatalities

Texas City, Texas, USA 16 April 1947 Fire on a cargo ship loaded with 2600 tonn

of ammonium nitrate. The consequer
explosion killed hundreds of people

Brest, France 28 July 1947 Fire on a cargo ship loaded with 3300 tonn
of ammonium nitrate and various inflammab
products. The consequent explosion caused

deaths
Red Sea, on the lian cargo| 23 January 1954 Fire on a cargo ship loaded with 4000 tonn
ship Tirrenia of ammonium nitrate. The ship was abandon

before the explosion

Table6 shows that several severe AN explosions occurredo960t years ago. These accidents are
sadly remembered for the destruction and the fatalities they caused, but with quality driven
standards, regulation frameworks and better aotiking agents, no remarkable explosions occurred
aAyO0S (GKS YA RRifaSdKarilek 2005). Orfe Zhowddeacknowledge that those explosions
occurred in different underlying conditions (in particular with respect to confinement and
contamination) but a general belief built up that such issues were solved and that explogionitwi
confinement, or without a strong ignition source was hardly possible. In normal operations such
underlying conditions were not expected if preventive measures were in place. Thus, despite the
warnings about the extreme reactivity of AN and its sewityt to abnormal operating or storage
conditions (that we often meet in accidents), the latent risk was underestimated and due precautions
were not taken to prevent in any circumstances the event of an explosion. In this case, no new
severe accident wasndlerstood as a proof that the latent risk was sufficiently under control.
Afterwards, the Toulouse accident (&fbecification AN in that case) became a severe reminder. The
latent risk of AN fertiliser explosion is today addressed, and inherently satentdevels of AN in
fertiliser are considered in particular for security reasons (Marlair and Kordek 2005).

! In-depth analyses of accidents, accidents and crises clearly showed that any evemeriated by
direct and/or immediate causesi(SOKY A OFf FlL Af dzZNBE | YRKk2N @KdzYl y
occurrence and/or their development are co%@idered to be induced, facilitated or accelerated by



The fact that early warnings have remained unheard is even more obvious for the accident at
Buncefield. In facTable7 shows that VCEs in oil depots occur approximately every 5 years since the
YARRES 2F mMpcnQadad C2N (KA & TabhB7have Peendsticies foldWing (i K S
the same scheme preuisly explained and the results are reported in Annex |. This has allowed us to
find much correspondence of these past accidents with that of Buncefield.

Table 7 Vapour cloud explosions in oil depots caused by LOC of gasoline prido the Buncefield accident
(MIIB 2008)

Location Date LOC

Houston, Texas, USA April 1962 Leak from a gasoline tank

Baytown, Texas, USA 27 January 1977 Overfilling of a ship with gasoline
Newark, New Jersey, USA 7 January 1983 Overfilling of an unleadedasoline tank
Naples, Italy 21 December 1985 Overfilling of an unleaded gasoline tank
St Herblain, France 7 October 1991 Leak of gasoline from a transfer line
Jacksonville, Florida, USA 2 January 1993 Overfilling of an unleaded gasoline tank
Laem Chaéng, Thailand 2 December 1999 Overfilling of a gasoline tank

2.4.3 Bow-tie diagrams

The important information gathered by the previous analysis was used to compensate the
deficiencies encountered in the application of the HAZID methodology MIMAH, whose rasults
shown inFigure3 and Figure4.
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Figure 3 Bow-tie diagram referring to a large leak from an oil depot storage tank and considering the aatgnt scenario occurred at Buncefield
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Figure 4 Bow-tie diagram referring to an explosion in a warehouse tank and considering the accident scenario occurred at Toulouse
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Figure3 shows a buw-tie diagram referred to an AN explosion in a warehouse. It was built on the
basis of the most credible accident scenario reconstructed by experts of the French justice litigation.
Investigations showed that the origin of the explosion was neither anfirea first explosion followed

by the main one. Chlorinated compounds for swimming pools were manufactured on the southern
part of the site and may have been brought in the-gfiec AN warehouse by error. Thus a
contamination may have caused fbec AN deomposition and the subsequent explosion (see
Annex [). Since the diagram obtained by the direct application of MIMAH was not able to properly
describe the actual atypical accident occurred, it was integrated and corrected by appropriate
elements (highligted in Figure3 by a specific branch). Moreover, the safety measures contained in
safety barriers were introduced on the basis of the official recommendations of investigators and
mainly focus on safety controls dprocedures to be performed by personnel.

Figure4 shows a bowtie diagram referring to the event of large leak of gasolinanroil depot. In

this case the overall scenario was not captured by MIMAH. Thusinatees case, a specific branch

was added tothebovi A S® | y2(iSg2NIKe | G8LAOIT S@Syld O2yaai
FNIIAYSY(lFI A2y 6KAOK NBFSNE (2 (GKS LINRY2(GAz2Yy Y
by a cascade of droplets ateghtion after an overfilling (occurred at Buncefield) or an upward spray

from a pipe leak due to tank head pressure (occurred at St Herblain, see Annex ). Finally a good
example of suggested safety barrier is the overflow pipe to apply at the tank tapdér to avoid

that the fuel rises to the roof and spills over (Paltrinieri and Wardman 2010).

2.5 Discussion

2.5.1 Importance of the risk perception issue

The results obtained in this stage of the study identify various specific issues which need to be
tackled tocontrast the occurrence of an atypical event. These issues are widely discussed in the
following paragraphs. However a basic failure affecting the whole risk analysis processes considered
has been demonstrated to be located in the general perception kfogsnected to atypical accident
scenarios. Perception (of risk) is a fundamental concept for the overall safety culture of an
organization and the term is directly exploited in several definitions of safety culture given by experts
(Cox and Cox 1991, Patm and O'Leary 2000, ACSNI 1993, Hale 2000, Guldenmund 2010), such as
I f£SQa 2yS Ay G/ dzZ G§dzZNBQa /2y FdzaA2yae ol &S wnnnt
and perceptionsshared by natural groups as defining norms and values, whidrméte how they

act and react in relation to risks and risk control systems. Whereas low perception or unawareness of
risk is a concept inherently framed into the definition of atypical scenarios, as expres3eble

and Figurel, and an action on it would certainly improve the activity of prevention of atypical
scenarios.

2.5.2 Common failures of atypical scenarios

The analysis of the causes of atypical accidents consideaeded out by means of the iINT€sk
framework {[Table5), has brought to light the noticeable complexity of the phenomenon of atypical
accident scenarios. An atypical scenario cannot be described by a linearafhavents, but is a

result of a system deficiency, where various failures concur in its occurrence. An atypical scenario is
also characterized by a relatively low probability of occurrence and an important extent of
consequences. For these reasons thilkof scenarios can be graphically described as an alignment
of planets Figure5), which is a rare event considered ominous in antiquity.
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Figure 5 Representation of the atypical accidet scenario occurred at Buncefield. Planets represent
failures of the 4 levels of risk managementy(l a n e t 9 @ccoalingoto thesEmerging Risk Management
Framework (iNTeg-Risk 2009) The green, pink, orange and blue planets represent, in order, the fare of
the Automatic Tank Gauging (ATG), fatigue of operator, lack of Safety Integrity Levels (SILs) and the
need to review the British regulations of Control of Major Accident Hazards (COMAH). Their alignment
represents the rare occurrence of an atypicaccident.

In Figure5 all the failures contributing to the scenario can be represented by planets and the 4
different level of risk management by the orbits where planets revolve. Each orbit in this
representation can have more than a planet, increasing in this way the probability of an alignment.
CKAA Y2RSt Aa &AAYAfTINI G2 GKS WFHYSa wSlazyQa {6A
planets can give a better description of the partly fortuitous chanactd the accidental
phenomenon. In fact, more failures can-erist in a common system without causing any harm, until

one day a fortuitous combination leads to an accident, such as planets in their rotation movement

can align at a certain point.

From theanalysis of accidents it can be also inferred that the causal events, which in series lead to an
atypical scenario, cannot be all classified as atypical themselves. Indeed, pure technical or
organizational failures can be identified, such as the failungimé rubber joint, or common failures

in the general management of the industrial system, such as no adequate supervision and training to
personnel, or finally a general negligence by workforce, such as that registered at the deposits of
Newark and Naples
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Figure 6 Representation of the pivotal organizational failures identified within the analysis of the
Buncefield accident

Figure6 gives a graphic representation of the underlying migational failures identified within the
analysis of the Buncefield accident (Annex |). To better picture a dynamic system such as an
organization, a simplified scheme of the anatomy of an animal cell, which is itself an organism in
constant/dynamic develpment, was used. The oil depot is represented as the nucleus of the cell,
while the other organelles in the cytoplasm are the surrounding community hinging on it. Inside the
nucleus three main actors of the storage farm are represented as nucleoli: seaisagement,
contractors and workforce. The cell membrane, representing the risk awareness, and the nuclear
membrane, representing the knowledge management, protect the cell and the nucleus from harmful
external agents, such as poor supervision and comraiegligence at work. A lysis of membranes,
that is a lack of protection, would respectively expose senior management and workforce to these
two organizational failures. Both the failures were, in fact, detected within the analysis of the
accident, butti must be specified that the workforce negligence was also a result of the excessive
workload (Annex I). Good communication would allow the actors to share information on the system
and its related risks and, thus, to compensate lacks and strengthen then@mbranes Kigure6).
Communication between senior management and contractors (represented overlapping) should be
effective and constant, because the terminal considered is a joint venture. In fact, particijpgtion
multiple parties in information sharing often amplifies the benefits derived from the information,
especially when the parties face common risks (Phimister et al. 2004).

However, poor communication was registered at different levels of the system legtws main
actors. For instance, inappropriate communication between the oil supplier and the oil depot
supervisors undermined their ability to plan and control the management of fuel. For historical
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reasons some lines of incoming fuel, such as that wagbin the accident, were not controlled by the
Buncefield supervisors, which had no access to the Supervisory Control and Data Acquisition (SCADA)
system to tell them, independently of the ATG system, whether the lines were on or off and, if
online, the \alue of the flow rate (often subject to changes) (HSE dDMNeedless to say, this lack of
control was unpopular with the supervisors.

A clear example of the organizational issues introduce&igyre6 is the falure to operate the IHLS
system. This system had been designed, manufactured and suppli€0AM Engineering L&dand
installed bydMotherwell Control Services 2003 Ladtwo of the several contractor companies on the
site. Unfortunately, despite TAV alld have been aware its switch was used in thghard
installations and therefore was likely to be safety critical, provided an inappropriately designed
system for that purposeldw risk awarenegs(HSE 20H). Furthermore, TAV did not give sufficient
clarity about the key aspects of the IHLS design and use to Motherwell, which misunderstood the
way it worked and did not install it correctly. However, Motherwell was not excused, because its staff
were supposed to be highly experienced in this field armuikhhave obtained all the necessary data
from the manufacturer lack of communication and poor knowledge managemdhISE 20%). It
follows that HOSL was not provided with such data and had a false sense of security following a
periodic test, which actuly left the system inactiven{isleading contrgl(HSE 201).

It is evident that the interaction and organization of contractors played an important role in the
development of background conditions that favoured the accident occurrence. This was also
exa@rbated by the increase in throughput of product at the tank farm, which caused a subsequent
increase in the number of tanker drivers and contractors on site. At the time of the accident there
were three operating companies at the oil depot, two of whichrevjoint ventures (as shown in
Annex |), and there were also several subcontractors present. The organizational complexity was also
demonstrated during the trials to determine the accident responsibility. Contracts were found to be
unclear, including unehr responsibility. Eventually, after almost 5 years of trials, five different
contractor companies were charged with offences based on the investigation of the Buncefield
accident (HSE and EA 2011).

In conclusion, finding common flaws among direct andt rmauses of atypical accidents suggests a

gle 2F O2yGNI adAy3a O02YLIX SiSte dzylyz2sy Sabkyidias LI
1). As soon as a certain awareness of their likelihood is present and pretaati® taken, they cease
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Improving general risk and organisation management would decrease probabilities of a new atypical
event, because it would decrease the number of planets on the orbisgoie52 NJ K2t Sa Ay wS|
Swiss Cheese, and thus would lower the probabilities of an alignment.

2.5.3 Enhancement of knowledge management for a more complete risk appraisal

The operational question of determining when knowledge management is inadequate must now be
answered considering the results. A general issue emerged is the need for a better and
comprehensive process of identification of atmsit scenarios for a risk analysis that considers a
complete series of likely hazards and properly calibrated tolerability levels. The identification of
several past accidents similar to the two ones analyzed further strengthened the idea that a
thorough pocess of learning from early warnings needs to be introduced or enhanced in risk
assessment methodologies. Indeed, firstly, risk analysts usually collect accidents data through
international and national databases or directly asking for the experience béshe system
operators, which are limited in scope. However, although the number of events gathered is limited,
and their details too (mainly technical causes), the second problem is the low available time spent in
the data collection step for the risinalysis phase. Thirdly, to check if the overview is complete
would require too many resources. Consequently, analysts tend to refer to similar process safety
studies (made by colleagues on similar plants, or the former plant documents that have bees on th
shelves for years) and stay within the basic experience.
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and analyzing serious events and/or weaker signals (such as near misses) can improvdetieir sa
performance in the long run (Guldenmund 2010). There are some examples of this kind of
organizations in several industrial fields, such as in the aviation, in the nuclear power and ralil
industry (Phimister et al. 2004). Search and diffusion of inftionaon early warnings has the

capacity to improve awareness of safety problems. In fact the dissemination of this kind of
information may encourage dialogues about safety in an organization, resulting in greater awareness

of what can go wrong and greateillingness to discuss potential risks and safety hazards by analysts
(Phimister et al. 2004). This can change their risk perception in favour of a risk assessment more
close to reality and then further improve the safety culture of an organization.

In this section the first part of the work, which represents the process of information management,

has been essential to find the right direction to move on and glimpse those aspects considered
atypical with relation to the accidents. Nevertheless it is netagis sufficient for an effective action

of prevention, because HAZID methodologies, such as that one used in this study, generally tend to
disregard atypical scenarios. Thus, once an atypical accident scenario is identified by processing the
available infomation, in general an assimilation of new knowledge into a process of hazard
identification should be performed. This can be obtained only through an effective learning process
requiring to process the available information into the necessary tools f@ibifnethodologies and

its outcome can be represented in a risk model such as the-tmwnalysis carried out in this
contribution. Figure2 shows how the different phases of the work are related and follow a clear
LINPOSaa 2F Stlo2NIiGA2y 2F 1y26fSRIAST Ay 2NRSNJI
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2.6 Conclusions

The study performed analysing the major atypical accidents of Toulouse (2@DBuacefield (2005)

has revealed that an atypical accident scenario is an articulated phenomenon, which cannot be fully
explained even after investigations. It is a rather low probable combination of events but it remains
facilitated by a series of factofsechnical, human, organisational, societal) that cannot be all defined

as atypical themselves. Thus, a prevention of atypical accidents can be effectively carried out only
through a holistic approach to the risk control issue, addressing different aspécisk assessment,
management and governance, aiming at avoiding common system and organisation failures.
Moreover, an enhancement of such general aspects is not only a worthy goal to pursue but would
also lay the foundation for a prevention of what v 6 SSyY RSFAYSR | Gevants.y{y26Y
In fact, the results obtained have highlighted strong similarities between direct and root causes of
the various accidents considered, and the identification of transversal failures allows a generalization
of the results obtained, leading to the identification of proper methodologies, as described in the
next sections.

The presence of widespread common failures can also be a symptom of deficiency in a more relevant
aspect of the safety culture of an organizatimuch as risk perception. This is especially
demonstrated by the exclusion from safety reports of the actual accident scenarios occurred at
Toulouse and Buncefield. Nevertheless this section identifies that the hazard factors that lead to the

major accidend could have been identified by experts and inspectors if early warnings had been

heard and considered in the HAZID process. Several similar accidents and notions concerning the
specific hazards of the substances handled and the processes operated hadebested, but an
AYFRSIldzZ 6S €SFENYyAYy3IsS Y2yAUu2NAy3I FyYyR NBaSINOK K|
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tie method has highlighted that a systematic HAZID methodology such as MIMAH could present
generic deficiencies in identifying atypical accident scenarios and may not give complete and
comprehensive results if not spprted by adequate expertise and controls. However, an attentive
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study of early warnings, such as past similar accidents, may lead to include atypical scenarios in the
analysis and get past lessons really learned. This process of knowledge integratienoczaried out
by the advanced methodology described in the following section, which demonstrates that a better

knowledge management is possible and highly beneficial for perception and appraisal of risk related
to atypical accident scenarios.
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Section 3

Dynamic Procedure for Atypical Accident Scenarios 7z DyPASI:

description and application

37



3.1 Introduction

The phenomenon of atypical accident scenarios, whose features were analysed and described in
section 2,is an articulated issue, which needs a holistic appraactharious levels. In particular the

risk management cycle by M. Merad (200@hlightstwo main aspects to tackle. One is related to

the need of prevention of underlying causes of atypical accident scenarios, in order to lower the
occurrence probabilitg ¥ a! Y1 Y26y ! y1VY26Yy adheneddsfRlendfidakiod b A & NI
al Y1y 296y atypigad seefidrios by learning from early warnings eaqoturing evidence of new

hazards to consider as soon as they come to light latter aspect would alloto have a more

complete and reliable overview of potential accident scenafiom HAZID processesd concerns

also the processesof risk assessmendf new and emerging technologies, whose relative lack of
experience campotentiallylead toatypical evers.

The HAZID process is an important part of risk management, as no action can be made to avoid, or
mitigate, the effects of unidentified hazards. The HAZID process also has a large potential of error
with little or no feedback pertaining to those erroed the accident examples represent severe
feedbacks of errors made. There are a large number of techniques that can be used for HAZID at
various stages during the life cycle of a process. Several extensive reviews on HAZID techniques are
available in thditerature (Mannan 2005, Crawley and Tyler 2003, Khan and Abbasi 1998, Glossop et
al. 2005. Although more than 40 proposed HAZID methods are described, none of them seems to
meet the requirements needed for the identification of atypical scenarios.

Furtheemore, European Directiveslready pressed industry towards the development and the
extended use of structured HAZID techniques e.g. as hazard operability analysis (HazOp). In
LI NI AOdzE F NE GKS a{S0Sa2¢ S5ANBOGAISHECEMNS Ol A DS
Directive 1982, Council Directive 1996, Directive 2003)NB |j dZA NS A dadzay3a | 0O2Y
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the systematic identification and assesent of possible accident scenarios is requi(Bdpadakis

and Amendola 1997However, despite the measures taken, atypicaldatis are still occurring, as

witnessed by the Toulouse and Buncefield accidents

a
L

Thus, a welkstablished HAZID methodologuch as the bovtie analysiswastaken here as a basis

to build a new procedure for the identification of Atypical Scenarios (ASs). In particular théebow
methodology in MIMAH Methodology for the Identification of Major Accident Hazardsas
consideed. MIMAHwas developed within the European Commission FP5 ARAMIS research project
(Delvosalleet al. 2004) in order to answer a growing concern on the effectiveness of HAZID
techniques.

Since MIMAH showed to be unable to properly capture atypical stEndsection 2)a specific
method named Dynamic Procedure for Atypical Scenarios Identification (DyPASI), was developed as a
tool complementary to MIMAH aiming at a more complete and comprehensive hazard identification.
The DyPASI methodology was develb@dso in the framework of the European Commission FP7
iNTegRisk project, which addresses the management of emerging risks, identified as one of the
major problems for the competitiveness of industry. The availability of a hazard identification
methodolog/ based on early warnings is a crucial factor in the identification of emergindiNgleg

Risk 2010, CONPRICI 20I)PASI is a method for the systematization of information from early
signals of risk related to past accident events, near misses dredeint studies. This allows the
identification and the assessment of uncommon potential accident scenarios related to the
substances, the equipment and the industrial process considered.

In this section, the DyPASI methodology is presented and appliedHérZard IDentification (HAZID)
process of new and alternative technologies for LNG regasification apddp@re and transport.

The results of DyPASI application are compared with those obtained by the application of other
techniques, such as the MIMAHethodology (Delvosalleet al. 2004) and the Topdown approach
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(Wilday et al. 2009)This broadens the knowledge concerning the risks related to these technologies,
at the same time, demonstrating the effectiveness of the DyPASI methodology in identifypicph
accident scenarios that otherwise would not be considered by the other techniques. Furthermore,
the comparison of the methods allows understanding in which conditions a technique is more
suitable than the others.

3.2 Dynamic Procedure for Atypical Acci dent Scenarios z DyPASI

3.2.1 General features

As previously mentioned, DyPASI was built as a procedure to support the MIMAH HAZID
methodology, developed within the EC ARAMIS prdjPetvosallest al. 2004) MIMAH aims at the
identification of all the potentiamajor accident scenarios which may occur in a process industry.
Bow tie diagrams describing the potential scenarios that may occur in the installation considered are
obtained by MIMAH application. The beie diagrams are created by the development of gega

fault and event trees based on a taxonomy of equipment and on the hazardous properties of
different substance categories. The fault tree (in orang€igure?7) and the event tree (in green in
Figure7) are then merged together, in order to share a common element called Critical Event (CE,
Table8 andFigure7). The definitions of the dier elements in the diagram are reported in table | and
are crucial to build a pattern of the accident scenario that is consistent with the MIMAHtibow
diagram.

UE DDC DC NSC CE SCE TCE DP ME
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w Z
@) )
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- _/ - _/

FAULT TREE EVENT TREE

Figure 7 General scheme of a bowie diagram used in the MIMAH procedure. Acronyms of bowtie
elements are explained in table |
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Table 8 Definition of bow-tie elements(Delvosalleet al. 2004)

Name Acronym | Definition

Undesiderable UE The UE designates the deepest level of cause in

Event trees. The UE is most of the time a generic event w|
concerns the organisation or the human behaviour, W
can always be ultimately considered as a cause o
critical event.

Detailed Direct DDC The DDC is either the event that can provokeDi@zor,

Cause when the labelling of the DC is too generic, the D
provides a precision on the exact nature of the DC.

Direct Cause DC The DC is the immediate cause of the NSC.

Necessary an{ NSC The Necessary and Sufficient Cause designates

Sufficient Cause immediate cause that can provoke a CE.

Critical Event CE The CE is the central element of a bt diagram anc
represents a typology of loss of containment for fluid
loss of physical integrity for solids.

Secondary Critical SCE The SCE is th most direct consequence of the CE

Event examplefipool formation, fjeto, ficloudd, etc.).

Tertiary  Critical| TCE The TCE for flammable substances consider the fact

Event ignition (for example fipool ignited or fipool not
ignitedd, fgas jet ignited). For nonflammable
substances can hfigas dispersiah) Adust dispersion
etc.

Dangerous DP 13 DPs are defined in MIMAH: Poolfire, Tankfir

Phenomenon Jetfire, VCE, Flashfire, Toxic cloud, Fire, Missil
ejection, Overpressure generation, Fireh
Envirormental damage, Dust explosion, Boilover &
resulting poolfire.

Major Event ME The MEs are defined as the significant effects from

identified DPs on targets (human beings, structy
environment,...).

An atypical accident scenario is a complex gmeanon resulting from a sequence of events that not
necessarily are all uncommon, new or unlikely. In fact, even common failures may trigger unexpected
and severe consequences as a result of a complex chain of events. Thus, in order to fully describe an
atypical accident scenario in the MIMAH bt diagram, each event, from the most likely to the

most unusual, should be added or identified step by step in the-tiewonstruction. This gradual
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process for atypical scenario identification, based on tiewdevelopment and final integration into
the HAZID process, may be summarized in six main skgeré¢ 8), described more fully in the
following paragraphs.

wPreanalysis

wSubstancdazards review

J

N\

wlntegration of atypical scenario C

J

N\

wlntegration of event tree element:

J

~

wlntegration of fault tree elements
J

N\

wDefinition of safety barriers

v
v
g
V

Figure 8 Steps of the DyPASrocedure
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3.2.2 Pre-analysis

The first step of DyPASI is the most important in terms of identification of atypical scenarios. In this
step the potential scenario is isolated from the information gathered and a representation based on
a causeconsequence chaiconsistent with the bowtie diagram is developedrigure9a).

a)
Early

b)
Material Safety
Data Sheet

Early
warnings

warnings

Atypical

accident

scenario
recognition

Do the MSD
risk phrases
describe all
the material
hazards?

Reductionto
chain of
accidental
events

Material hazards
already defined

Choose additiona
representative
MIMAH risk

Built bowtie diag.
on the basis of
add. risk phrases

DoesAtyS DoesAty

element element
match the match any
diagram MIMAH

element? element?

Addition of MIMAH element to the diag.
Build MIMAH diagram around this elemefit

Atypical Scenario element considered in the diagram

Addition ofAtyS
element to the
diagram

— Start Document

Figure 9 Flow-sheets of steps 0 (a), 1 (b) and 2, 3, 4 (c) of the DyPASI procedure. AtyS = Atypical

Scenario.
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contact with the HAZID methodology supported, but has the function of preparing the ground and

42



providing all the necessary elements to carry out an effective process iafiag®n of the atypical
events.

3.2.2.1Recognition of atypical scenarios from early warnings

From a search of learning opportunities, that on the basis of recommendatiofiahle9 is always
advisable to carry out asomplementary work or validation of HAZID, early warnings may be
obtained. The search will concern available information on the industrial process considered, the
equipment used and the substances handled. This will aim at an enhanced knowledge abow,hazard
probabilities of events and associated human health, environmental and societal consequences. This
will also aim to find signs of potential unrecognised risks in:

- past accidents and near misses
- related scientific studies

Risk perception and social camn issues should also be considered while reviewing the available
information.

It will be a task of the user of DyPASI to extrapolate a potential accident scenario from an early
warning and to discard too sensitive data. In particular, false negativesingpa risk to evolve
unnoticed and false positives leading to mistrust should be ident{fieRGEC 2009Potential causes,
consequences and occurrence mechanisms need to be studied and defined for a good overview of
the atypical scenario.

3.2.2.2Causeconsequene chain analysis

Once an atypical scenario to be included into the HAZID process is identified, its reduction to a
pattern consistent to the diagram characteristics should be carried out. The pattern will be a cause
consequence chain, whose elements slaoidspond to the definitions of MIMAH elements shown in
Table8. There are many well known methodologies for past accident analysis that can be applied in
order to obtain an exhaustive analysis of the case. Soramplbes of these methodologies are:

1 the class\i\cal model developed by lawyers and insurers which focuses attention on the
G LINR EA Y| (H&staDHATA) S €

the Fault and Event Tree Analysis models (FTA and ETA) thenistanean 2005)
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The Fault and Event Tree Analysis models are obviously the most suitable techniques for this task
because allow to obtain results in the proper format and have been preferred in thestadies

tackled. However alsothd LINRP EA YA G& OFasSé¢ Y2RSt FyR (KS Y2NB
their flexibility and adaptability to various purposes.
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3.2.3 Review of hazardous characteristics of substances handled

The main purpose of this step is a review of the hazardous charagterddtthe substances involved

in the process analyzed, in order to determine whether all the substasleded potential hazards
have been considered in the betre diagram. In fact, the construction of a MIMAH bae diagram

is based on the specific kipphrases of the substances considered (as defined in the 67/548/EC
Directive(Council Directive 1964nd following updates, including the Globally Harmonized System
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of Classification and Labelling of ChemicaGHSUnited Nations 2009)and the additio of a new
risk phrase may trigger the construction of new branches in the dia¢ibmivosallest al.2004)

Assuming that the MIMAH diagram has already taken into account risk phrases collected within
common Material Safety Data Sheets (MSDS), if newrthaza characteristics are defined on the

basis of early warnings collected and suitable risk phrases can be attributed to the sul{§anceil
Directive 1967, United Nations 200@n atypical accident scenario can be integrated in the diagram

by means 6 the original HAZID methodology (MIMAH). If no new hazardous characteristics are
suggested by early warnings or no risk phrases can describe these characteristics, no credible atypical
scenarios are identified due to substan@dated hazards and no modi&tion to the MIMAH bovtie

diagram is introduced. This step is described by the-8beet inFigure9b.

3.2.4 Integration of atypical scenario elements

The process of integration of an atypical scenario in the MIMpgptaach, based on the results of

0KS ayINGSe aAaé adSLI Aa FdzZ FAf € SR Ay Hguréddhen> o3
integration should be carried out gradually and accurately, in order to ens@®tHPASI attributes
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Step 2 deals with the integration of the MIMAH original bievdiagram with Critical Events (CE

Table8) mirroring what outlined in step 0. AlternativelyE€ already present in the original bdie

diagram may also be selected for integration. This step should be carried out following the procedure
indicated in the flowchart showed irFigure9c. The CEs related tayaical scenarios obtained on the

basis of the results of pranalysis (step 0) should be compared with the other CEs defined by the
original MIMAH bowtie diagrams.

If a match is present, no further CE is added and steps 3 and 4 will focus respectitiedyewent
and fault tree branches of the matching CE in order to comply with their respective relations of
continuity.

If no match is present, it should be checked if any CE of the MIMAH methodology can describe the
scenario, in order to integrate the ginal MIMAH diagram. Again steps 3 and 4 will be applied, and
event and fault tree branches will be developed on the basis of thedpfmed MIMAH general
event and fault trees. General procedures for fault and event tree development may be applied
(Mannan 2005,CCPS 1989

Step 3 of the procedure aims at the modification of the event tree branches in thetibadiagrams

in order to fully describe the potential consequences of the atypical scenario identified in step 0.
Thus, the event tree elements almapresent in the diagrams and connected to the CEs identified in
step 2 are compared to those defined in step 0. The application of thedt@st procedure in figure

3c will lead to the integration of new elements. In order to avoid redundancy, theseewents
should be added to the diagrams only if strictly necessary for the description of the scenario.

Finally, the modification process of the fault tree branches (step 4) applies to fault trees the
procedure carried out for event trees in the previousgs In both the steps 3 and 4 the relation of
continuity should be complied and the actions indicate&igure9c should be applied on contiguous
elements along the respective branches.

3.2.5 Identification of appropri ate safety barriers

The identification of safety barriers to apply to the elements of hmmiagrams should be then
carried out in step 5 of the DyPASI procedure. The activity may be carried out by a partial application
of MIRAS (Methodology for the Idgiication of Reference Accident Scenarios outlined in the EC
ARAMIS projeciDelvosalle et al. 2004yvhich, in turn, is inspired by the LOPA metliG€CPS 2001)
Thus, in addition to the safety barriers, the related generic safety functions are alsifigteras
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suggested by MIRAS. The generic safety functions can be expressed by actions to be achieved. Four
main verbs of action are defined:

- to avoid safety function acting upstream of the beie diagram event aiming to suppress
the inherent conditionghat cause it
- to prevent safety function acting upstream of the betve diagram event aiming to reduce its
occurrence
- to controt safety function acting upstream of the fault tree event in response to a drift which
may lead to the event and safety furmti acting downstream of the eveifitee event aiming
to stop it.
- to limit: safety function acting downstream of the bdig diagram event aiming to mitigate
it.
The safety barriers can be physical and engineered systems or human actions based on specific
procedures, or administrative controls which can directly implement the safety functions described
(Delvosalle et al. 2004)

The object of this step is, thus, to identify safety functions/barriers on the-tiewliagrams and in
particular on those branchegferring to atypical scenarios.

If the atypical scenario took place in past accidents or near misses, a further distinction between
safety barriers may be introduced as showrkrigurel0, provided that sufficientlata are available.
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Figure 10 Symbols representing safety functions/barriers applied to the bowie diagram elements

Safety barriers properly acting at the moment of past accidents may be marked in green. Green
colour may als be applied to effective safety barriers in the case of ma@ses. Safety barriers that
showed deficiencies in at least one past accident may be marked in orange. New, hopefully more
effective, safety barriers identified may be represented using thecaddur.

3.2.6 General issues tackled by DyPASI

The indepth analysis of atypical major accidents such as the accidents at Toulouse in 2001 and at
Buncefield in 2005 (Section 2 and Annex I) has shown examples of general deficiencies in the risk
governance of thee two sites. Such deficiencies were, at least in part, located in the phase of risk
appraisal, since their respective safety reports failed to identify the accident scenarios that actually
occurred. The inadequacy of current HAZID techniques to perfooonglete overview of all the
potential accident scenarios related to the industrial processes under consideration is highlighted in
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Section 2. In a preliminary phase, the common failures of HAZID techniques detected for the cases at
Toulouse and Buncefielgd to the definition of recommendations aiming to correct and help the
action of HAZID methodologies. These recommendations, summaridebie9, focus the attention

on five main necessary issues crucial te$ae the hazard due to the occurrence of atypical events:

- broader knowledge management than just knowing how the plant works
- identification of atypical accident scenarios
- integration of atypical accident scenarios into HAZID process

- definition of proper séety measures for the identified scenarios

Table 9 Recommendations for the identification of atypical scenarios in the sk appraisal process defined
in

Recommendations

1 | Search of learning opportunities represented by past raepidents, experimental teg
or modelling estimation referring to accident scenarios involving the substance
equipment or the industrial process considered, should be performed as comple
work or confirmation of HAZID.

2 | Experts from the ah@ issues should be brought in during risk analysis process.

3 | Potential accident scenarios, whose magnitude is relatively high, should be ge
taken into account to outline real worst cases for common safety procedures.

4 | Once identified the highisk accident scenarios not considered in safety proce(
(atypical scenarios), a process of assimilation should be performed.

5 | Both present and missing risk reduction measures, aiming to avoid, prevent, col
limit atypical events of an atypicatesnario, should be identified for the case analyse

However the enhancement of the HAZID process abiding to the recommendations outlined leans on
the experience of the experts involved and may result in high costs in terms of time spent and people
involved. This is confirmed by the detailed description of the exercise of hazard identification carried
out on the Buncefield oil depot and shown Annex I, where the results obtained from the
application of MIMAH were modified on the basis of the data gatieafter the major accident had
occurred. As shown in the previous sections, the DyPASI methodology potentially tackles most of the
above problems. In particular, the knowledge management and the consecutive identification of
atypical accident scenariosofn early warnings is covered by step 0 of DyPASI, which also aims to
define a proper causeonsequence chain scheme describing the scenario. This scheme has to be
consistent to the bowie diagram structure because its elements are gradually integratstejps 2,

3 and 4. Thus, these three steps deal with the issue of integration of atypical accident scenarios into
the HAZID process. Finally step 5 fulfils the need of a definition of safety measures for the identified
scenarios and identifies deficient s&f barriers in past inherent accidents.
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3.2.7 Specific attributes of DyPASI

As evident from the above discussion, the specific attributes of DyPASI can be summarized in 3
points: i) systematic nature; ii) enhanced knowledge management; and iii) completendss an
conciseness.

The DyPASI methodology was developed in order to make easier and systematic the inclusion of
atypical scenarios in the HAZID processes. As shown above, the procedure supports the MIMAH bow
tie diagram methodology in the identification of gigal accident scenarios (stepsbg but can also

give the opportunity to perform a double check of the HAZID process and to reiterate the HAZID
process whenever any evidence of a new and unidentified accident scenario emerges {3feps 1

In response tothe need of an improved knowledge management expressed by the first
recommendation inTable9, DyPASI aims at a systematization of information from early warnings in
order to bring to light uncommon potential aceidt scenarios related to the substances, the
equipment and the industrial process considered. Thus, the specific accident chains are identified
and more general patterns (causes, teypents, final outcomes, role of the mitigation barriers) are
inferred tobe consistently integrated into the MIMAH betie diagrams.

Furthermore, completeness and conciseness are both two fundamental characteristics that DyPASI
pursues. In fact, within the bowe diagrams each element is linked to the other by a close relation

of causality/consequentiality. An element in a fault tree branch is defined by all the possible causes
that are graphically related and lead to it. An element in an event tree branch is connected to all the
possible consequences it could lead to. Thuseae addition of a diagram branch could easily create
harmful repetitions and, for this reason, each element of the chain of events describing the atypical
scenario is integrated by the DyPASI methodology.

3.2.8 DyPASI role in the Emerging Risk Management

Themg | ASYSy G 2F NARAA] RdzS (G2 alF Ge@LIAOFE aO0SylNR2aé
EC FP7 iNTdRjsk research proje¢iNTegRisk 2009)Within this project the specific issues posed by

the management of emerging risk have been recognized arfdamework for emerging risk
management (ERME Emerging Risk Management Framework) was devel@@NPRICI 20110

based on both the International Risk Governance Council (IR&SGE 2009nd the ISO 3100Q00S

2009)risk management approaches. As shawitablel0, the ERMF includes 10 main steps, divided

in 4 groupg CONPRICI 20L@Figurell shows a modified version of the framework that evidences its
interaction with he DyPASI methodology. As showTablel0 and Figurell, ERMF explicitly poses

the issue of capturing early warnings as the first step, followed by the assessment iof gariern

and the identification of hazards and emerging risks. The DyPASI methodology stands within these
first steps since it was built to infer atypical accident scenarios from early warnings and integrate
them into the HAZID process without disreganglipossible public concern. DyPASI represents a tool

to metabolise information considered outside of the common consensus and, thus, is graphically
conveyed as an input in a risk management process (and in particular to the steps 1, 2, and 3) closed

on itself and seHlsustained in a cyclic movement, as showrFigurell. Moreover ERMF step 10
6az2yAl2NRAY3IT wSOASSG YR [/ 2yiGAydz2dza LYLINRBOGSYSyi
management improvement, to whiddyPASI is tightly related. In fact, its ability to be reiterated and

to easily update and integrate the HAZID process makes it an effective tool contributing to the
practical implementation of this phase.
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and the DyPASI methodology
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Table 10 Main steps of the ERMF procedure(CONPRICI 2010)

No. Group Step

1 Horizon screening | Early warnings NOTIONS

2 CONTEXT establishment and CONCERN assessment

3 PreAssessmat Identification of emerging risk SCENARIOS

4 PREASSESSMENT of selected risks scenarios (screening

5 Emerging Risk APPRAISAL / ASSESSMENT

Emerging Risk CHARACTERIZATION, Riskategorization

6 A
) classification

Appraisal /

Assessment ] ]
7 Emerging risk TOLERABILITY & ACCEPTABILITY

assessment
8 MANAGEMENT & DECISION
9 Emerging risk COMMUNICATION
Continuous activitie ) )

10 Emerging risk MONITORING, REVIEW & CONTINUOUS

IMPROVEMENT

DyPASI is structureid create an opening in the risk management cycle, to capture early warnings
and new scenarios and to assimilate them into the first steps of ERMF. Nevertheless, even if not
directly involved, the last phases of ERMF are still affected by the applicdtiba methodology. In

fact, the severity assessment of atypical scenarios, newly considered on the basis of past major
events, but deemed as scarcely credible, should be carried out in stémbie(10) following
recommendation 3 infable9. Furthermore, as previously stated, one of the aims of DyPASI is to
outline proper and effective safety measures for the atypical accident scenarios in order to translate
the recommendatin 5 of Table9, concerning safety barrier implementation, into a methodical
procedure during the development of step Baplel0).

3.3 CaseStudy 1: application of DyPASI to L NG regasification technologies

The HAZID process concerning the mairolatg of LNG regasification terminals described able

11 was first performed applying the MIMAH methodologiDelvosalle et al. 2004)which is
considered representative of the current stavéthe-art HAZID techniques. The DyPASI procedure
was then applied as a complementary process to identify atypical accident scenarios not captured by
the standard MIMAH methodologjHowever, before any amgsis, goreliminary survey of equipment

and technologies was carried out and can be found in Annex Il
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3.3.1 Overview of the LNG chain

Liquefied natural gas (LNG) is expected to play an increasingly important role in the natural gas
industry and global energy arkets in the next several years. In fact, worldwide, total consumption

of natural gas is predicted to rise by an average of 1.3 percent per year, from 3.2 trillion cubic meters

in 2010 to 4.4 trillion cubic meters in 208&0 201D In 2008 the naturalas dependency rate of the

European Union, which shows the extent to which EU relies upon imports in order to meet its energy

needs (net imports divided by the sum of gross inland consumption and bunkers), was more than

60% and it had grown on average 1éargentage points in the previous 10 yedE&JROSTAT 2011)
Nevertheless almost threp dzt NI SNE 2 F GKS ¢2NI RQa y Il GdzNI € 3IFa N
FYR AY 9dzN} Al d® wdzadAl X LNIYX YR vIEGFEN G23S0K.
natural gas reserve3EO 2010)

The LNG technology allows the transportation of large amounts of natural gas for long distances, in
areas where pipeline transport of ndiguefied is generally not feasible. Worldwide, there are 60
existing import, or regsification, marine terminals spread across 18 different count(kssen
Associates 2007)Both on and offshore technologies are adopted. In addition to these existing
terminals, there are approximately 180 regasification terminal projéitasen Assiates 2007}hat

have been either proposed or are under construction all around the world. The dramatic
development of LNG transport chain has induced the development of new technologies, mainly
related to advanced floating and edhore LNG terminal§Jguccioni 201Q. Due to the growing
likelihood of population exposure to the risk and to the change in public perception, risk caused by
LNG terminals may be considered an emerging risk applying the OSHA defilitiosSHA 2005)

Due to innovations in tramrt vessels and regasification units, previously unidentified accident
scenarios may be possible in LNG regasification terminals. Thus, ongdiegtliinassessments of
potential hazards are needed to assess the actual risk posed by such installations.
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3.3.2 LNG regasification terminals

a) fullll decss, OO -

EXPLORATION & LIQUEFACTION LNG LNG REGASIFICATION
PRODUCTION PROCESS TRANSPORTATION STORAGE PROCESS

ne | BOIL-OFF
UNLOADING |} < HANEL'NG

RECOVERY

b)

QUALITY

LNG VAPOR&!LZATION &
STORAGE COMPRESSION QUANTITY

MEASURES

Figure 12 a) scheme of LNG chain; b) scheme of LNG regasification process

The liquefied natural gas supply chain may be divided in 5 main steps, as shBigori#ll2. These

are:
Production
Liquefaction
Transportation

Storage

a M e

Regasification

The last 2 phases of the LNG chain take place in regasification terminals, which are usually the final
destination of LNG carrierfigurel?). The basic features of the regasification process are essentially
the same, independently of the specific technologies aneblatyadopted. As shown iRigurel?2, at

the regasification terminal LNG ddfloaded from the carrier and transferred to storage tanks. In
some configurations (e.g. in Transport and Regasification Vessels (TRV) terminals) the storage is not
present and LNG is vaporised onboard and offloaded as compressed natural gas by alsethine

other cases, LNG is transferred via the unloading arms from the moored carrier to the LNG storage
tanks by cryogenic pipelines. Catdwn of the unloading arms is started by introducing a small LNG
flow. The pressure in the LNG carrier during adiog is maintained through a system tretows

vapour to flow back from the storage tanks to the carrier.
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In the vaporization stage, LNG is compressed to the desired final delivery pressure and vaporized by
dedicated heat exchangers (i.e. vaporizerserAhtive configurations use different heat sources (hot
combustion gases, seawater, ambient air, waste heat, etc.) and different heating media (propane,
water, water/glycol mixtures, air, etc.).

In the correction and measurement sections of the procdss,duality of the gas is brought to the
specification of the national grid. The correction usually consists in introducing dosed quantities of air
or nitrogenenriched air in the natural gas. In this section, the quantity of gas delivered to the
national gid is also measured. This operation is usually locatedhame, but installation in floating

units is technically feasible.

3.3.3 Alternative lay -outs of LNG regasification terminals

Nowadays LNG regasification terminals may be grouped in 4 main catedgbaiete 11), which
basically mirror the available regasification terminakdags:

- Onshore

- Off-shore gravity based structure (GBS)

- Off-shore floating storage and regasification unit (FSRU)
- Off-shore transport andagasification vessel (TRV)

The current trend toward the application of offshore layouts is justified by some advantages. Off
shore installations keep considerable safety distances between the process and the populated areas,
positively contributing to copéhe aversion of the population to regasification and storage terminals.
The use of deepwater ports easies mooring operation, generally allowing for larger class carriers.
Moreover, some offshore layouts (e.g. TRV) are better suitable to meet peak demwianatsiral gas

on the national grid.
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Table 11 Descri

tion of LNG regasification terminal lay-outs (Uguccioni 2010

Lay-out Onshore Off-shore GBS Off-shore FSRU | Off-shore TRV
State of Operative In-construction Planned Operative
technology

/
Potentiality | 5,159 pov10? 8410°-14410° | 4*10° ¢ 5+10° (affected by
(Nmlyear) journeys

18*10° Nm*/day)
Storage
capability 100,000- 800,000 | 250,000- 330,000 | 125,000- 170,000 | 138,000- 150,900
(m?)

Examples 0]

Panigaglia termina
(Italy)

Rovigo  termina
(Italy)
Port Pelican

Planned FSR
terminal in Livorno

(Italy)

Excelerate Engy
fleet, examples:

real terminals| sapine Pas| terminal (Lousiang + &5 x5 é .
: +SaasSt af
or projects | terminal (Lousiang & USA) glinai@ﬁghwsm saact 44
+
GUSA) Baja  Californid 5 | NDKS¢ d Saas @)
(Mexico)

Plant build nean Designed around Elr:linal kind i?;f Layout typology
sea, which consist| large concrete obtained from similar to the FSRI
of a docking area structure, housing converting a LNG terminal. However
provided with a| two modular seHl carrier ginto a it is not

Description | jetty and | supporting floating  platform permanently
loading/unloading | prismatic storage ermanentl moored but
arms and a BO( tanks, specifically Pnoored in ya side maintains its
handling and| designed for this bv-side function of LNG
recovery section. | lay-out typology. cznfiguration transport.

3.3.4 Representative case selected

For each layut the main categories of equipment have been analysed (e.g. storage tanks,
compressors, pumps, columns, exchangers and pipework). Moreover for each category of equipment
several types of Loss Of Containment events (LOCs) were identified (e.g. breach of shell in vapour

and liquid phase, leak from gas and liquid pipe, catastrophic ra@ad vessel collapse).

The activity resulted in the creation of more than 120 specificiewliagrams. The results obtained

are presented in detail elsewher@Jguccioni 2010 Only a representative case is here shown,
concerning the Mossphere storagetanks of a FSRU. This example actually is sufficiently
representative to allow the discussion of all the more important atypical accident scenarios identified

in LNG handling at regasification terminals and well explains the process diebaovegration by
DyPASI application.
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3.3.5 Results from the application of the MIMAH methodology

The HAZID analysis performed through MIMAH gave an overview of the main hazards related to the
type of equipment considered. Both equipment category and the hazards related teriata
flammability were easily captured by the method. The main critical events identified are reported in
the first column ofTablel3. Bowtie diagrams were obtained for each critical event, also considering
different release intensities (e.g. large breach, medium breach, etc.). As an example, the black lines in
Figure13 outline the main structure of the bouie obtained in the case of a large breach on the
vessel shelh the liquid phase.
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Figure 13 Bow-tie diagram concerning a large breach of shell in the liquid phase of LNG tank with safety barriers. Several fault tree brahes have been omitted
and they are represented by dotted lines.
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3.3.6 Results from the application of DyPASI

In this section the results obtained by the application of the 6 steps of DyPASI to the HAZID analysis
of the FSRU storage tanks are reported and explained in detail, in order to describe the systematic
integration pro@ess of atypical accident scenarios in the set of results obtained from MIMAH

methodology.

3.3.6.1Step 0: preanalysis

This first step addresses the problem of identifying potential atypical accident scenarios and

translating them in a causeonsequence chain ofvents suitable for the integration into a betie

diagram. Figure 14 shows the causeonsequence chains defined for each atypical scenario
identified. Each element in the chain is defined consistently with-bewategories of the MIMAH

method.
MIMAH bow  RapidPhase Terrorist Cryogenic Cryogenic  Asphyxiation
tie elements  Transition Attack burns damages
Major Event Kyogen\ic I
(ME) Overpressure burns Asphyxiation
Dangerous RapidiEnas Release_of High _
Phenomenon " cryogenic concentrationj
Transition Sl
(DP) liquid of gas
Rapid heat Release of
TertiaryCritical | exchange (e.d crvogenic Gas
Event (TCE) Water yoy dispersion
liquid
contact)
Secondary Release of Pool
o Pool : .
Critical Event formation cryogenic formation or
(SCE) liquid gas jet
Large breach Breach of
Critical Bvent || \G jeak or catastr LNG leak shellor 1 NGILNG leak
(CE) catastrophic
rupture
rupture
Necessary and Excessive
Sufficient mechanical Brittle rupture
Cause (NSC) stress
Direct Cause External Brittle
DC impact structure and
(DC) P impact
Detailed Direct Malicious Low
Cause (DDC) intervention temperature
Undesirable Terrorist Leak_ of.cryog|
Event (UE attack liquid
ent (UE) (domino eff.)

Figure 14 Causeconsequence chains describing the atypical accident scenarios identified. Chain elements

relate to MIMAH bow -tie diagram elements.

56




The identification of atypical accident scenarizas the result of a detailed search of early warnings
available for the substances handled, the equipment used or the industrial process considered in the
specific case. Early warnings are represented by past accidents or near misses, scientifiostudies
growing social concern.

In the following the potential atypical accident events identified are described in detail.

Rapid Phase Transition

A rapid phase transition (RPT) is a phenomenon occurring when the temperature difference between
a hot liquid anda cold liquid is sufficiently large to drive the cold liquid rapidly to its superheat limit,
resulting in spontaneous and explosive boiling of the cold li¢Rald 1983)If a cryogenic liquid such

as LNG is suddenly heated due to the contact with a wliaquid, as water, explosive boiling of the
LNG may occur, resulting in the generation of a localized overpressure and of a blastSMive
2004) On a FSRU terminal this event could be the effect of a spill of LNG coming into contact with
seawater. Similaeffects may affect berths in onshore installations.

Evidence of the possibility of this accident scenario is reported in specific studies, reporting a
theoretical analysis of the phenomeno(SNL 2004, Bubbico and Salzano 200®PT is also

mentioned in ENR LISy aidl yRIFNRazX adzOK Fa (G4KS aidlyRFENR 9
liquefied natural gas DSY SNJ f OKI NJ OG SN & G A(OEN 199§)which djvdsS T A S R
guidance on the characteristics and hazards of LNG. Moreover, past accide@tnddysis evidenced

that at least five RPT events were experienced from mid 1960 to mid (T390V International 2006,

US EPA 200.7As shown imablel2, no fatalities were experienced in such events, but o@gndge

to the equipment. All these data represent early warnings concerning the possibility of RPT as an
GFrGe@LIAOFEE 2NJ ALISOATAO | OOARSYy(d aOSylrNAR2 GKFG Y
the early warnings collected allowed reducing teenario to the generic pattern showed Figure

14. All the elements obtained belong to the righénd part of the diagram (the event tree), since RPT

may take place only after a loss of containment. TheHaftd part of the diagram (the fault tree)

thus is not affected.

Table 12 Past events of RPT (early warningsjCH:1V International 2006, US EPA 2007)

Date Country Location Operation LOC scenario

1965 UK LNG Import] Storage Acddental leak
Terminal

1973 UK LNG Import Unloading Accidental leak
Terminal

1977 Algeria LNG expori Storage Accidental leak
facility

1993 Indonesia LNG expor{ Piping Accidental leak
facility
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Boling Liguid Expanding Vapour Explosion

A BLEVE may occur if a selscontaining a pressurized liquid above its boiling point undergoes a
nearly instantaneous failure, releasing its content explosiV€gPS 1994, Reid 1979, Abbasi and
Abbasi 208). LNG is cryogenically liquefied and is generally stored at a tempematuté0 C and

at a pressure slightly above atmospheric. However, the spherical tanks of a floating regasification
unit considered here are sedupporting and can withstand a significant internal pressure, possibly
3¢4 bar if the aluminium shell in the uretted portion is not weakened by external causes, such as a
fire. Thus, if process and emergency venting fail, the internal pressure and temperature of an LNG
tank may rise to values high enough to cause a BLEVE in the case of a near instantaneow$ failure
the containment, as demonstrated by R. Pitbla(007) A BLEVE of LNG is recorded in the
literature. On June 2%, 2002, near Tivissa (Catalonia, Spain), an LNG road tanker rolled over onto its
side and flames appeared immediately between the drivay and the trailer tank. The BLEVE took
place 20 min after the start of the fi@lanasCuchi et al. 2004)

The MIMAH technique identifies the possibility of a BLEVE for LNG as a consequence of a domino
effect (CCPS 2000, Lees 199Bpmino effects are riaexplicitly conveyed on the botie diagrams,

but escalation resulting from a dangerous phenomenon may be captured in a secontieb&wr
example, a pool fire (a dangerous phenomenon) may be the cause of the catastrophic rupture
(BLEVE) of a pressuressgel.

Hence, on the basis of the early warning collected, a double check to assess if BLEVE hazard is
identified and properly described on the beie diagrams obtained has been performed in step 0 of
the procedure.

Terrorist attack

LNG facilities, shipyds, vessels (including conventional LNG carriers and FSRUSs), pipelines and gas
fields could be targets of piracy or future terrorist attacks. After the terrorist acts in the United States
on 11" September 2001, the growing concern on this issue can nifbanheard and represents an

early warning with respect to related potential accident scenarios. In recent years several studies on
risks connected to LNG took into account these scendf8$ 2007, Husick and Gale 2005, US GAO
2007) e.g. see th&uidance on Risk Analysis and Safety Implications of a Large Liquefied Natural Gas
(LNG) Spill Over WatéSNL 2001

A terrorist attack may be bombing, the use of explosives or, in the case of FSRU, a collision with
another ship(Beal 2007SNL 2004 Such ations would easily be the cause of a large breach or even

of a catastrophic rupture of target equipment items. A fault tree branch has been outlinéigime

14in order to take into account these events. The avieae branch has been intentionally omitted

from the figure since consequences present common elements already associated tedalge
releases in MIMAH.

Cryogenic burns, cryogenic damage and asphyxiation

Further hazards identified in the piassessmenstep for LNG and not always taken into account by
HAZID techniques result from the specific properties of LNG: cryogenic temperature and high density
of vapours in the immediate surroundings of the release point (due to low temperature).

Cryogenic burnsaused by spills are reported in past accidents concerning LNG. An example occurred
in 1977 at Arzew, Algeria, where an accidental leak of LNG caused exterydgenic burns to an
operator (Woodward and Pitbaldo 2010)

Cryogenic damage is usually consatkin LNG hazard identification, although is not specifically
addressed by generglurpose technigues as MIMAH. A Sandia report on LNG risk analysis and safety
implications extensively addresses the isgBBL 2004
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Figurel4 shows the specific chain of events developed to capture hazards related to cryogenic burns
and to cryogenic damage in betie analysis. In the case of cryogenic burns the fault tree branch is
omitted since the conventional cigtets may well decribe all the possible causes. In the case of
cryogenic damage, for similar reasons, the event tree branch is omitted.

It is well known that immediately after the release of LNG, a dense vapour cloud forms around the
area of the spill close to the groundmong the hazards due to the formation of this dense cold
vapour cloud is asphyxiation. Asphyxiation due to LNG leaks is extensively treated in specific
assessments of LNG haza(8&L 2004)Figurels shows the bains of event describing the accident
scenario leading to asphyxiation. Repetition of elements is necessary to obtain a chain of events
consistent to MIMAH bowtie diagrams.

3.3.6.2Step 1: review of hazardous properties of substances

In this step the hazardouggperties identified for LNG that generally are not considered by Material
Safety Data Sheets (MSDS) and consequently are not included in generdk bavalysis were
identified.

If generic MSDSs of natural gas are consid¢iad 2004, Shell 2011} isevident that the specific
hazards due to cryogenic temperatures at which LNG is stored and its tendency to form a dense cold
vapour cloud after a release are not considered. This should be expected, since these hazards are not
related to the inherent proprties of the substance but are arising from the specific process
conditions used in LNG regasification terminals. Nevertheless, as shown above, these characteristics
may lead critical events (CESs) resulting in cryogenic burns, damage and asphyxiagersCEmarios

need to be considered during the construction of boevdiagrams.

However, the creation of new diagram branches through the MIMAH methodology is not possible for

these hazards, since the procedure is based on the material risk categorissraedces defined by

the 67/548/EC Directiv€Council 1967and following updategUnited Nations 2009)Thus, only the

following steps of DyPASI will allow the integration of these prodetdS OA FA O &l G & LA Ol f
scenarios into the HAZID process Nfd_regasification technologies.

3.3.6.3Step 2: definition of critical events related to atypical scenarios

In order to obtain a complete but concise outcome, the CEs of the atypical scenarios defined in step 0
have been compared to the existing CEs in the MIMAid-te diagrams, by He procedure

previously discussedn this case, all the step CEs can be related to already existing CEs and no new

CEs should be introduced inbawA S RAF ANJ Ya (2 RS&aONAOGS TaeS al (@&
13summarizes all the correlations.
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Table 13 Correlations between the critical events of atypical scenarios and the critical events of bdig
diagrams

Critical eventsof atypical scenarios
Critical events off RPT Terrorist Cryogenic Cryogenic Asphyxiation
. attack burns damages
bow-tie
diagrams Large breach Breach,
LNG leak catastrophic | LNG leak LNG leak catastrophic

rupture rupture
Large breach o
shell (liquid) X X X X X
Medium breach
of shell (ligid) X X X
Small breach o
shell (liquid) X X
Large breach o X X X
shell (gas)
Medium breach X
of shell (gas)
Small breach o X
shell (gas)
Catastrophic X X X X X
rupture

The RPT critical event has been associated to large and médi@Brieaks (large and medium breach
of shell¢ liquid) and to catastrophic rupture. Small LNG leaks were not considered as credible CEs
leading to RPT.

Since bombing or intentional collision with another ship could easily result in large damage to the
equipment, the critical event related to terrorist attack has been associated to large breach (liquid
and gas phase) and catastrophic rupture. The CE connected to cryogenic burns has been associated
to CEs involving a liquid phase, i.e. large, medium and dmediches of shell and catastrophic
rupture. Assuming the use of special materials, the CE related to cryogenic damage (resulting from a
domino effect) has been associated only to large releases, thus to large breach of shell (liquid and gas
phase) and cattrophic rupture. Finally, asphyxiation was related to all the critical events identified

in MIMAH bowtie diagrams.

3.3.6.4Step 3: integration of event tree elements

Figurel4 shows the event tree branches developed mtdegrate into the existing bovie diagrams.
The elements already present in the diagrams and connected to the CEs identified in step 2 of DyPASI
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have been compared to those identified in step 0. In order to avoid redundancy, new events have
been added tahe diagrams only if strictly necessary for the scenario description.

Figurel3 shows the event tree branches integrated into the btgvdiagram of a large shell breach

of a FSRU LNG storage tank. The atypicahasioe elements integrated into the diagram are
highlighted with the same colours &igurel4. Where possible, the elements already present in the
RAFINIY KIS 06SSy SELX 2A30SR 02 ForiSsiafrhJtooptopedyl (i & LIA €
RSTAYS GKS | GeLAOLE IO

O2y OSyGNY GA2Yy 2F 3L a¢ |

OARSYUd &4O0SylINR2 tSIRAYST
YR dl ALKEEAIFIGA2YE KI @S 08

3.3.6.5Step 4: integration of fault tree elements

Figurel4 also shows the cusets introduced into the existing bothke diagrams in order to consider

the accident scenarios dealing with terrorist attack and cryogenic damage. Again the elements
already present in the diagrams andnnected to the CEs identified in step 2 of DyPASI have been
integrated with those defined in step G-igure13) in order to avoid repetition of events in the
diagrams.

3.3.6.6Step 5: safety barriers

The aim of this ste is mainly to identify the appropriate safety barriers on the additional tiew

branches developed in the previous steps and referring to atypical scenarios. The study performed in
step 0 of DyPASI allowed the identification of specific safety meas2rbdf 4 KS a I & LJA OF f ¢
events included within the HAZID analysis (e.g. those proposed by the Sandia(&#io2003)

The safety measures identified have been translated into graphic barriers that were positioned on
the diagrams. According to baer classification in the ARAMIS projébelvosalle et al. 20043afety
barriers were classified as actions to avoid, prevent, control or limit their reference event. Examples
of safety barriers are shown iRigure13. These are possible suggestions performed according to
DyPASI and there is not a direct connection to previous accident events where these barriers where
present. In fact these barriers are related to the risk control measures identified througpréqe
analysis performed in step 0 and come from the same source of information of the early warnings
collected. This is a confirmation that step 0 has an indubitable importance and that a correct a
detailed knowledge and information management is fundameifa the process of risk analysis. A
more complete list of the identified safety barriers for the new diagram branches is reporieabla

14.
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Table 14 Complete list of the identified safety barriers br the new diagram branches integrated through

DyPASI
Hazardous Event | Diagram element Position Safet-y Safety Barrier
function
Terrorist attack Undesirable Event | Upstream To Surveillance
prevent
X
& - . .
= Malicious Detailed Direct To .
© . . Upstream Security zones
= intervention Cause prevent
S
= To .
ot Upstream Control of ship
= . . prevent
External impact Direct Cause
Downstream | To limit Absorbing barriers
Upstream To avoid Plant des\ljn. (distances
between equipment)
Leak of cryogenic Upstream To
4 qui ing| Undesirable Event prevent
% liquid (domino General leak prevention
g | effect) To control  and limit
] Upstream
° control measures
(8]
= -
g Downstream | To limit
>
@) Detailed Direct To .
Low temperature Upstream Inspection
Cause prevent
Brittle structure DirectCause Upstream To avoid | Low temperature design
Impact Direct Cause Downstream | To limit Protect the structure
Upstream T?event
P General leak prevention
g Release of Secondary  Criticg To control and limit
3 cryogenic liquid Event Downstream control measures (e.g
o) containment system)
o
S’ Downstream | To limit
Cryogenic burns Major Event Upstream To Protective clothing
prevent
E Rapid heat| Tertiary Critical To Containment system td
Upstream
o exchange Event prevent | prevent water contact
; To Detection of gag
X ) ] Downstream . .
2 | High concentration| Dangerous control | dispersion
§ of gas Phenomenon
Upstream To Limit | Ventilation
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3.3.7 Discussion of results

The HAZID analysis performed for the FSRkbuayproduced a wide set of bowie diagrams
describing the possible hazards connected to them. In fact, 7 diagrams have been built for the 7

different CEs mentioned in Table 14.

The early warnings gathered in step 0 have been effectively and systematically translated into
generic patterns and were ceistently assimilated into the existing beiwe diagrams obtained by
MIMAH. A main outcome of the DyPASI methodology is actually the inclusion of early warnings and
risk notions in the conventional hazard identification by a systematic procedure, inyartighen
related to substance hazardsigurel5 shows the number of hazardous events (divided on the basis

of the bowtie diagram elements) identified by means of MIMAH and of DyPASI methodologies in the
FSRU teminal considered. The results in the figure clearly highlight the importance of a systematic

methodology to support the identification of systeLJS OA T A O

YRk 2NJ alF G& LA Ot ¢

process. In factfFigurel5 shows that several events not identified by MIMAH were captured and

easily integrated in the bowie by DyPASI.

100 %

90 % .
80 %
70 %
60 %
50 %
40 %
30 %

20 %

10%

0%

= MIMAH = DyPAS

Figure 15 Percentages of hazardous events identified by the 2 HAZID techniques in a FSRU terminal. The
events are divided on the basis of the typology (Undesirable Event, Detailed Direct Cause, Direct Cause,
etc.) and, for each of them, the actual number of events identified by one and the other technique is

indicated on the column.

63



The results reported have dwnstrated that following the DyPASI procedure step by step a
complete and concise outcome represented by integrated and more comprehensivetidoow
diagrams can be obtained. In fact, the integration of atypical accident scenarios has not been
performed asa mere addition of new entire diagram branches, but rather through grafting new
single elements only where the existing ones were not able to describe the atypical scenario. Step 1
is of fundamental importance to obtain a concise and consistent diagracause it allows the
exploitation of the results of the primary bothe methodology (MIMAH) application to build new
bow-tie elements for the new scenarios identified in step O.

The DyPASI procedure also allows the integration of the-toeswobtained by te MIMAH procedure,
based on substance hazards defined in the 67/548/EC Dird@iwmencil Directive 196/adding bow
ties related to substance hazards in the specific process conditions.

The atypical scenarios identified by the DyPASI procedure in sheveé been entirely integrated

through steps 2, 3 and 4. Step 5 has allowed outlining safety barriers for the specific and/or
GFrGeLAOlLtEEé aOSYyFNAR2&a ARSYGATASR YR FAIdzZNBE H &K;
are mainly related to the riscontrol measures identified through the pamalysis performed in step

0 and come from the same source of information of the early warnings collected. This is a
confirmation that step 0 has a fundamental importance, calling for a systematic and detailed
knowledge and information management in the risk analysis process.

3.4 CaseStudy 2: application of DyPASI to the analysis of surface installations
intended for Carbon Capture and Sequestration

A HAZID process on CCS surface facilities was performed by nigamsdifferent approaches to

0KS LINRPoOofSYY (iREoyEt I {{ ILLEYRSEK2IR2t 23ASad ¢KAA |
the results obtained and, at the same time, a comparative assessment of the techniques used. The
results provided the opportunityat outline a set of atypical accident scenarios that are characteristic

of these technologies and that should be taken into account within future risk assessment studies.

3.4.1 The CCS chain

Emissions of GQarise from a large number of sources, but some of them@ more predominant

than others. This is the case in the industrial sector, where 5 main types of activity above 100 million
tonnes of C@emissions per year constitute 99% of the global industrial €@issions (IEA GHG
2002), as shown byigurel6.

64



m Power- 10,539 MtCO2/y

m Cement productionrt 932 MtCO2/y

m Refineries- 798 MtCO2/y

m Iron and steel industry 646 MtCO2/y
m Petrochemical industry 379 MtCO2/y

m Other sources 174 MtCO2/y

Figure 16 Contribution to CO , emissions of worldwide processes or industrial activities with more than
100 million tonnes of CQ emissions per year (IEA GHG 2002).

The C@emissions produakby the 5 main activities highlighted Fiigurel6 all result from the use of

fossil fuels, but not always from its combustion. Carbon dioxide not related to combustion can be
emitted from the use of fuels as festibck in petrochemical processes (Chauvel and Lefebvre 1989,
Christensen and Primdahl 1994), from the use of carbon as a reducing agent in the commercial
production of metals from ores (IEA GHG 2000, IPCC 2001) and from the thermal decomposition of
limestone and dolomite in cement or lime production (IEA GHG 1999, IPCC 2001). However, the
majority of emissions are associated with fossil fuel combustion in oil refineries and, most of all,
power plants, which emit more than ortlird of the CQ emissions wodwide (IEA GHG 2002). This

last source is often considered as the main example to which a CCS system may be successfully
applied (DOE/NETL 2007, IEA GHG 2002, IPCC 2005, Herzog 2004) in order to achieve a sensible
reduction of atmospheric greenhouse gasicentration.

Hence, in the present study the CCS systems considered mainly focus on the removafromCO
coal or natural gas fired power plants and subsequently moving and storing it into secure reservoirs.
This chain can be broken down into two mairmgmnents, as shown b¥igurel7: the surface
component represented by the processazpture and the underground component represented by

the process ofequestration
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CAPTURE I

Production of a C@stream ready for storage.
which is compressed and movédmthe
capture site to the storage site.

Injection and storage of &into areservoit
Monitoring and verification fall under this
phase.

Figure 17 Schemeof the Carbon Capture and Sequestration chain.

Captureis the production of a CGstream ready for storage, which is then compressed and moved
from the capture site to the storage site. In general, the S@eparated as a nearly pure stream-(90
99% purg (DOE/NETL 2007, Herzog 2004) and is then compressed to a pressure between 85 and 150
bar (WRI 2008). Some ¢€apture technologies are commercially available today and have been in
operation for decades in the natural gas processing industry and inliZertiand hydrogen
production (Dooley et al. 2009, IPCC 2005). In order to move large amountsfof @iStances up to
around 1,000 km, pipeline transport is almost always the preferred transport mode. Pipeline
transport of CQ already operates as a mat market technology in the USA (IPCC 2005).
Nevertheless, the extent of G@andled is bound to dramatically increase with the advent of CCS
technology. For this reason, in this study, other means of transport feasible for smaller amounts,
such as shipsail and road tankers are not taken into account.

Sequestrationis the injection and storage of the captured CiBto a reservoir, including its
monitoring and verification. The reservoir may be represented by an onshore or offshore geological
formation, which uses many of the same technologies that have been developed by the oil and gas
industry (IPCC 2005). In fact, anthropogenig &3 been injected into the deep subsurface for more
than 35 years in the U.S. There are over 6,000 deejir(#ation welk currently in operation across

10 states of the U.S. for the purpose of £i@iven enhanced oil recovery (Dooley et al. 2009). Other
options for CQ storage are ocean storage and reaction with metal oxides to produce inorganic
carbonates. These last twgtons are still at the research stage (IPCC 2005).

3.4.2 CCS surface installations

This analysis focuses on CCS surface installations, i.e. on the different technology options for CO
capture and the subsequent G@ansport by pipeline to the injection site. detailed survey of
equipment and technologies has been carried out and can be found in Alhnex |

There are basically three possible technology options for the capture ofr@® industrial sources
such as power plants. These are:

w post-combustion captte;
w pre-combustion capture; and
w oxy-fuel combustion.
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Figure 18 Overview of the technology options for the capture of C® 1) Post combustion capture; 2) Pre
combustion capture; 3) Oxyfuel combustion.

Postcombustion capturénvolves the removal of G&rom, as the name implies, flue gases produced

by fuel combustionKigurel8). A variety of techniques can be used for this separation, such as the
carbonatebased system, the aqueousnaonia system or separation membranes (Figueroa 2008),

but the most proven technique at present is to scrub the flue gas with an amine solution (Davison
and Thambimuthu 2004, DNV 2009, DOE/NETL 2007, IPCC 2005). The capture method is compatible
with Pulveized Coal (PC) and Natural Gas Combined Cycle (NGCC) power plants (Kanniche et al.
2009). These types of power plant typically use air for combustion and generate a flue gas with a CO
concentration between 5% (for the NGCC system) and 15% (for the R@& kwsith nitrogen being

the dominant diluent (Figueroa et al. 2008). Currently, pashbustion capture is already practiced

for small C@volumes in various industrial and commercial processes (e.g. the production of urea,
foam blowing, carbonated bevegas, and dry ice production (Herzog 2004)) and some pilot plants
have been built recently, such as the EU CASTOR pilot plant at the Esbjerg PC power station in
Denmark (Knudsen et al. 2009). Nevertheless, there are not yet large scale examples-of post
comhustion capture in PC or NGCC power plants mainly due to the high energy costs associated (up
to 80 % of the total energy of the process) (Davison 2007, Wall 2007).

In precombustion capturethe fossil fuel is used to produce syngas and the carbon, ishhpe of

CQ, is separated out after a shift reaction, but before the combustion takes pkigarél8). There

are different versions of this technique, such as the physical wash by Rectisol or Selexol solvents
(Kohl and Nielsen 1997, Korens et al. 2002), the sorption enhanced reaction process (SER) or the
removal of hydrogen with membranes (Nord et al. 2009). The combustion fuel used in this pre
combustion capture mainly consists of hydrogen mixed with a dilusuith as nitrogen or steam.

This capture method is compatible with integrated gasification combined cycle (IGCC) and natural gas
combined cycle (NGCC) power plants (DOE/NETL 2007, Nord et al. 2009). In the first case, syngas is
the product of a coal gasifiion process, in the second case a product of natural gas reforming
(partial oxidation and steam reforming). Currently no lasgale precombustion capture plants are
running, but there are several pi@ombustion capture and storage projects planned waitle, such

as the ZeroGen project in Australia and the Appalachian Power project in USA (WRI 2008).

Oxyfuel combustiorconcepts for both natural gas and coal feedstock have been proposed (Croiset
and Thambimuthu 2000, Tan et al. 2002). This technologyvies a modification of the combustion
process and can be defined as combustion in nearly pure oxygen (greater than 95%) rather than air,
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resulting in a flue gas that is mainly £&hd HO Figure 18). Since by tis process the flame
temperature grows up to excessively high temperatures; &@/or HO-rich flue gas are generally
recycled to the combustor to moderate this (DOE/NETL 2007). Oxygen is usually produced by low
temperature (cryogenic) air separation andvel techniques to supply oxygen to the fuel, such as
membranes and chemical looping cycles are being developed (IPCC 2005). There are no operative
large-scale oxyfuel combustion plants, but in order to study the technology and its feasibility, several
pilot plants have been built in recent years. Notably the principal pilot plants are at Schwarze Pumpe
(Germany) (Hultqvis et al. 2009), at Lacq (France) (Aimard et al. 2009) and at Callide valley (Australia)
(Spero 2009).

Once captured, COis subject to aprocess of dehydration and compression in order to be
transported by pipeline to the injection site. There are a number of different compressor types that
can be used for carbon dioxide compression for bulk transport. The most efficient physical status to
transport CQis in the supercritical phase. g@itical point is at 73 bar and 31°C. Nevertheless, CO

is generally transported at temperature and pressure ranges between 13 and 43°C and 85 and 150
bar due to economic and design limits (KM 2006, Mohitpet al. 2009).

CQ pipelines have operated in North America since the early 1970s (WRI 2008), feeding
predominantly naturally occurring carbon dioxide to EOR (Enhanced Oil Recovery) facilities. Thus, the
process of COpipeline transport, whilst less aamon in terms of both distance and number of
operational years experience than other fluids, is reasonably established (2500 km and 5gyMtCO
only in the western U.S. from natural sources to EOR projects (IPCC 2005)). The oleldistdong

CQ pipelinein the U.S. is the 35m Canyon Reef Carriers pipeline, which began its service in 1972
for EOR in regional Texas oil fields. The longestp{p@line, the 80km Cortez pipeline, has been
delivering about 24 MtCgy to the CQ hub in Denver City, Texasince 1984 (IPCC 2005). Many of
these pipelines are above ground (rather than buried) and through largely unpopulated regions. The
short length of pipe on the Sleipner project and the Snghvit carbon dioxide pipeline in the North and
Barents Sea are curréy the only examples of offshore carbon dioxide transport (WRI 2008).
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3.4.3 Application of the two methodologies

Table 15 Main features of the methodologies applied for the Hazard Identification of CCS surface

installations.
Top-down approach DyPASI approach
Experts involved from various indust| available literature information on thg
sectors. : : :
1 Source of | | | | industrial processes, theequ!pment,
information Information circulated in meeting| the substances. Early wamings (p;

(flowsheets, block diagrams,
operating conditions).

al

accidents, near misses and scient
studies).

Equipment
considered:
Topdown HAZID MIMAH to identify| ©POSt and  pre
study, broken| Keywordsused: general major, e CO3
down into the 4| ffire; accidents likely tg absorber
2. ldentification | surface fexplosion; occur on the basi§ wAir separation
of general| technologies 9 toxicity; of equipment| unit
hazards considered to| felectrical considered  anqg wOxyfuel comb,
brainstorm mechanical; properties of boiler/furnace
wCompressor
and transport
pipeline
Simil_ar HAZIC Keywords used: Applicatiqn of DyPASI for t_h
_ session to flayout: _syster_natlc and _comprehens_w
3. Integration of| brainstorm . o inclusion of atypical scenarig
atypical elements| changes 'ﬂlnterfa}ces_, (otherwise  not  considered b
introduced by Torganizational conventional techniques) inferre
CcCs. factors from the early warnings collected.
Safety ~ bargrs| The — following| Identification  of| £o = main verbs
brainstormed hierarchy  was safety barriersfor of action used t(;
using database o| used: the (atypical) define the
N risk reduction| felimination; scenarios —
4. Definition of o ) . barriers:
. measures i protection; identified by .-
safety barriers : . 1 to avoid;
developed to aid Yreduction; means of the f to prevent:
assessors 0 Y separation; checklist T control-’
Seveso Il safet flemergency proposed by f to limit '
reports. response. MIRAS.

5. Results

Bowtie diagrams referring to GQ.OC,
O, LOC, fire andxplosion.

Some comments
scenarios.

about  toxid

Bowtie diagrams
equipment and
analyzed.

referring to the
LOC typologig
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3.4.3.1Top-down HAZID approach

The topdown HAZID approach is an analysis which essentially breaks down the system to identify
hazards ofits compositional susystems.Table 15 describes the main features of this HAZID
method, such as the source of information, how the general hazards and the atypical elements are
identified, how the safety barrierare defined and how the results are presented. A more detailed
description of the method can be found elsewhere (Wilday et al. 2011c).

The topdown HAZID approach is generally based on the development of HAZID brainstorming
meetings with experts from seval industry sectors (Wilday et al. 2009, Wilday et al. 2011c). Initially
an overview of the system is formulated, specifying but not detailing any subsystem. Thus, the first of
the meetings aims to confirm the information previously gathered for the ammlgind to identify
substances involved, equipment and processes, which is crucial for a correct identification of atypical
scenarios. For the identification of general hazamb{el5), a structured approach issed and top
events relevant to CCS are identified in brainstorming sessions. The following keywords that
represent possible top events and/or consequences help the experts in the process:

w fire;

w explosion;

w toxicity;

w electrical mechanical;
w other issues

Preliminary draft bowtie diagrams are then drawn.

The integration of atypical elements previously disregarded within the analysis is also allowed
through a further specific brainstorming session, where the subsystems are studied more inldetail.
particular, this phase focuses on the changes introduced by the new technologies, such as the CCS
technologies, particularly in terms of layout, interfaces and organisation. These terms are used as
keywords Tablel5).

Finally, in the last meeting, the draft bewe diagrams previously outlined are refined, their
structures are analysed and possible barriers preventing the top events are identified by the last
specific brainstorming session, which follows theraichy shown ifTablel5.

In this particular case 18 experts from the petroleum, industrial gases, clean energy, consulting
companies, universities, safety regulatory authorities and the IEA Greenhouse Gas R&inpre

(who commissioned the work) were involved (Wilday et al. 2009, Wilday et al. 2011c) in the analysis.
The topdown HAZID was carried out at an early stage in the development of CCS with the aim of
identifying the hazards which could impact on the kgpnent of CCS. Thus, due to the paucity of
open information available about the details of CCS systems at the time, the participants were
initially requested to provide inherent information which, prior to each meeting, was circulated in
terms of flowsheés / block diagrams of parts of CCS surface installations and related operating
conditions. Figure 19 represents an example of the information provided and shows the block
diagram of an IGCC plant with prembuston capture.
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Figure 19 Schematic representation of IGCC with precombustion capture (Courtesy Mr. Andy Brown,
Progressive energy). (Wilday et al. 2009).

During the meetings for the identification of general hazards and the iatem of atypical
elements, opportunity was also taken to consider prevention, control and mitigation of the
hazardous events identified, which helped the definition of the safety barriers. Finally, in addition to
the results presented as boties diagrans referring to C®QLOC, @ LOC, fire and explosion,
comments about likely scenarios involving toxic dispersions were formulated.

71



3.4.3.2DyPASI approach

In this particular case, for the sake of brevity and due to the complexity of carbon capture plants (see
Figure20), only representative equipment handling hazardous substances were analyzed by means
of the DyPASI methodology.

Combustion turbine

A Claus plant
H2S Absorber
CO2 Absorber
o
<« ) Condenser > <€
A
Y
» Steam
_) > (_
Untreated gas \/ 4 /
Stripper
| >
COo2

A

Lean chiller 69 3 flash drums
A

Reabsorber
I Nz

Q) 3>
A

A

(—

N2 from ASU

H2S Concentrator

Figure 20 Two-stage Selexol process flow diagram for preombustion @pture (DOE/NETL 2007).

Equipment considered comprised:

1 post and pre combustion capture gabsorber Figure20);

9  Air Separation Unit (ASU) considered as a unique distillation column;

1  oxyfuel combustion boiler/furace and recycle pipe; and

I compressor and transport pipeline.

For the application of the MIMAH methodology, the identification of the general hazards and the

most common failure modes was performed and double checked with the help of the UK Health and
Safdy Executive (HSE) guidance on Control of Major Accident Hazards (COMAH) (HBE 2011

The resulting bowie diagrams were obtained for several typologies of Loss Of Containment (LOCS)
events concerning the equipment previously mentioned.
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3.4.4 Results of the tw o methods

3.4.4.1Early warnings related to the CCS surface technologies

The application of DyPASI allowed the collection of several early warnings related to the CCS surface
technologies, which were subsequently processed in order to optimize the hazard idermifiof
these new technologies.

Past incidents involving CQ

Table 16 Incidents involving CO,

CQ as fire suppressant Pipeline incidents Natural CQreleases
. Before 1975 - | 1986 - | 2002 -
Time 1975 2000 2001 2008 1979 1984 1986
. Lake Lake
Worldwid | Worldwid Dieng Monoun, | Nyos
Location USA USA Volcano, ' '
e e . | Cameroo | Cameroo
Indonesia
n n
Incidents | 11 51 11 18 1 1 1
Deaths | 47 72 1 0 149 37 1700
Injuries |7 145 2 0 Not given | Not given | Not given
US EPAUS EP/ IEA GHQ IEA GH({ IEA GHGQ
Souree | 5000 2000 OPS 20101 OPR010 | 519 2010 2010

CCS introduces new processes for the capture gfoB@racterised by some critical points and their
feasibility is currently being assessed by many ongoing projects. Only a few cases @tcalmall
power plantapplications are operating worldwide, so there is a general lack of experience about
their risk assessment and management. In fact there are no past incidents for capture plant on which
to rely, and the only examples of events in a plant found by thefitstl analysis are represented by
incidents with CQas a fire suppressaniTéble 16). The fatalities listed iTable 16 (CQ as fire
suppressant part) have been registered as cases of asphyxiation fire anitigating system
atmosphere or accidental releases (US EPA 2000). In fact, the gas is heavier than air and may
accumulate in confined spaces causing deficiency of oxygen. Nevertheless, capture technologies also
involve use of different hazardous st#sces, such as toxic solvents (e.g. amines), oxygen and
hydrogen, which must be taken into proper account in the process of risk assessment.

From a first assessment, the risk related to, @ipeline transport seems relatively well known due to

the U.S. eperience previously mentioned.able16 shows the number of past incidents which have
occurred in the U.S., from which useful lessons can be drawn.-Bykam comparison is made by
Gale and Davidson (Gale and Davidson 2004) aswhrading to their study, Cpipelines have a
frequency of incident of 0.32 per 1000 km per year, whereas natural gas and hazardous liquid
pipelines have an incident frequency of 0.17 and 0.82, respectively. However these data can be
deceptive, because ciant CQ transmission lines in North America mainly go through sparsely
populated areas, and the impact of an incident may be limited as the releasedv@dtually
dissipates with little chance of affecting human populations. Dense phase CCS pipelicestaiih
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tens or even hundreds of thousands of tonnes of, @Dich, if containment is lost, could create a
CQ-rich cloud that could potentially threaten large geographical areas (DNV 2009). Severe reminders
of this are the natural CQreleases of volcaniorigin which occurred in Indonesia and Cameroon
reported inTablel6, which, all together, caused about 1900 fatalities. However the volume of CO
involved in natural releases such as these can significantly exceed that ypg€liDe system.

Hazardous characteristics of CO

In addition to the tendency to displace oxygen causing asphyxiation, other kinds of hazard related to
CQ are reported by studies (US EPA 2000, Wickham Assoc. 2003), guidance (HSE 2011b) and safety
data sleets (Air Liquide 2010, Linde 201@halation of high concentrations of G€an increase the

acidity of the blood, triggering adverse effects on the respiratory, cardiovascular and central nervous
systems. Hence, people would be at severe threat fromeesing C@®concentrations well before

they were from the reducing oxygen concentrations. Due th® rapid depressurisation in
combination with the phase change, venting of dense pla&eto atmosphere may result in a very

cold two phase CfOflow, able tocause cryogenic burns to anyone caught in it. Additionally, a
catastrophic rupture of a storage tank containing pressurised liquidc@®lead to a BLEVE (Boiling
Liquid Expanding Vapour Explosion), i.e. a very sudden depressurisation of the substating er
superheated liquid phase that suddenly vaporizes in an explosive manner. Few publicatiom&rte.g. (

and Reid 1983, Pettersen 2002nd a past incident occurred at a plant in Worms, Germany in 1988
(Clayton and Griffin 1994evidence the possility of a écoldt CQ BLEVE (to distinguish it from the

¢hoté BLEVE of flammable substances, such as LPG, which often is caused by fire and followed by
ignition of the flammable release).
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3.4.4.2 Bowtie diagrams
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Figure 21 Bow-tie diagrams obtained through the application of the two different approaches. The boiie
diagrams referring to the equipment of precombustion absorber and transport pipeline areresults of the
DyPASI approach. The bowtie diagram referring to the loss of containnent of oxygen is a result of the
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Top Down approach. The numbered black dots indicate the position of the safety barriers listed iFable
17.

Table 17 List of the safety barriers in the bowtie diagrams of figure 6 and position on the diagram.

Safety barrier Position

Avoid ignition 1,7,8,9, 29

Material selection 2,4,14

Detection 2,5,6,7,8,9,11, 12, 13, 15, ]
18, 19, 22

Product purification 3,10

Stop the feeding 6, 24, 25, 8, 27

Secondary containment 7

Improve operators knowledge | 16, 23, 28

Protective clothing 20

Avoid bowls, wells or tunnels 21

Layout 21,24, 30, 31, 32

Figure21 shows some examples of results obtained byabpelication of the two methods previously
described. Three representative diagrams were chosen. Two resulted from the DyPASI approach and
refer to a breach in the preombustion absorber shell and a leak from the transport pipeline, and
one resulted fromthe TopDown approach and refers to a loss of containment of oxygen. For the
sake of brevity, some of the branches of the DyPASI diagrams have been omitted (dotted lines in
Figure21). Moreover, the numbered blaakots on the diagrams mean that one or more of the safety
barriers listed inTablel17 are located in that position. In order to synthetically group all the safety
barriers, inTable 17 no classification or hierarchy has been indicated. More detailed results are
reported elsewhere (Paltrinieri 2010; Wilday et al. 2009).

3.4.4.3Pre combustion absorber

The bowtie diagram referring to the pre combustion absorber mirrors almost exdl#ydiagram
obtained for the post combustion absorber (Paltrinieri 2010). The only specific elements of this
diagram are the possible brittle rupture due to hydrogen embrittlement and the elements related to

the presence of flammable substances. In fahts tequipment, in addition to G@nd the solvent
(Selexol or Rectisol), handles hydrogen and traces,8f (BOE/NETL 2007), which are extremely
flammable according to their safety data sheets (PTCL 2011a, PTCL 2011b). FlquseRi the

event of an internal combustion/explosion is shown as leading to a breach of the shell. Dangerous
phenomena as Poolfire, Vapour Cloud Explosion (VCE), Flashfire and Jetfire are taken into account as
potential final consequences.

Mechanical stress due to external causes, insufficient material properties or degradation of
mechanical properties due, for instance, to corrosion, are common causes of a breach of the shell
(Paltrinieri 2010) (some of them have been omittedkigure21). In particular, it is well known that

CQ forms an acid solution in aqueous phase, which can give corrosion issues. Also impurities, such as
mercury, are corrosive. Nevertheless, the corrosion rate depends otethperature, so a relatively

low corrosion will take part in the colder parts of the plant. For instance, a higher corrosion rate is
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expected at the inlet and outlet of the stripper where higher temperatures occur (Shao and
Stangeland 2009).

Finally, it mst be specified that the consequence of a toxic cloud in this firstt®wiagram is not

only due to the presence of hydrogen sulphide, which is very toxic by inhalation (PTCL 2011a), but
also to the high concentration of GQvhose toxic effect at highoncentrations were indicated by

the early warnings collected.

3.4.4.4Transport pipeline

Several elements specifically connected to, Geline transport are noteworthy in the second bow

tie diagram ofFigure21, such ashe hydrate formation and corrosion caused by free water content.
These eventsmay lead to pipeline blockage or to the release of,G@th pipeline rapid
depressurisation, potentially causing embrittlement, on one side, and cryogenic burns to exposed
personnel, on the other side. These aspects have been considered due to the collection of
information in the first phase of the DyPASI application. Also the toxicity of concentrateah@@s
slumping/low velocity release were added to the diagram as seagnat#tical events on the basis of

the early warnings collected. The latter element has been considered as a release alternative to a gas
jet, because CQs heavier than air and will tend to accumulate at ground level. In the other diagrams
this is not caisidered because of the higher temperatures of, @&s.

3.4.4.5Loss of containment of oxygen

The third bowtie diagram is the result of the tegown approach and, as shown kiigure21, is not
explicitly referring to a [gecific equipment, but rather to a particular top event. Thus, the loss of
containment of oxygen here analyzed could occur in any part of the ASU or in the connection line
between the ASU and the gasifier or the boiler in a-@uenbustion capture system an oxyfuel
combustion system respectively.

In this case the diagram is more concise, but the more articulated connections between the elements
compensate for the lower level of detail. Some references to human / organizational causes are also
AAPBSYS olaER® fzy FI YAT A NI 6SOKy2t238¢ |yR a2NHIYAT |
2NBFYATFGA2y T al FS@&lSol|KysaNG KRB0 KoO & aLYLINR@S

The potential consequences of a loss of cofitfiSy i KSNBE O2yaARSNBR Yl Ayf
capacity to strongly support combustion (PTCL, 2011c).

3.4.5 Discussion of results

3.4.5.1Atypical accident scenarios identified

The results previously described are inferred mostly from the early warnings collectedt,|th&a

results shown are the most interesting and peculiar for the new technologies analyzed. More
common accident scenarios, also identified by the two techniques, were intentionally not reported,
but are present in the more detailed version of resutparted elsewhere (Paltrinieri 2010, Wilday

et al. 2009). These accident scenarios might have not been identified by other HAZID techniques that
do not take into proper account early warnings. For this reason these accident scenarios can be
RSTAYSRIADE & i &

The first type of accident scenarios that is worth highlighting is that related to the presence of new
hazardous substances in the plants considered. The presence of hydrogen can cause embrittlement
and its loss of containment can lead to VCEh#ffag or jetfire. Similarly, oxygen strongly supports
combustion and its loss of containment can lead to fire or explosion. Nowadays the identification of
these scenarios does not involve particular issues thanks to a consolidated past experience.
Neverheless there are two important factors that, to some degree, can be defined as atypical and
must be carefully considered in the HAZID process: the lack of familiarity of operators with the new
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equipment and its larger scale in relation to similar exisfiaglities. These two elements were
considered by the bovie diagram concerning the loss of containment of oxygen, but are valid for all

the equipment consideredF{gure 21). To respond to these issues an improwsh of general
knowledge on the process is needed, not only on the side of operators (as specHigdiie21 and

Tablel7), but also on the side of managers, in ordev#oify that the selected technology meets all

health, safety and environmental requirements, and to avoid controversies such as those recently
raised on the planned carbon capture plant at Mongstad (Norway) (CCJ 2011a, CCJ 2011b, CCJ 2011c,
CCJ 2011d, C2xile).

This study has also pointed out the possibility of atypical accident scenarios related to commonly
disregarded carbon dioxide properties, which are evident in the -hewdiagram for transport
pipelines inFigure21. The potential of CQo form hydrate with freewater causing the blockage of

the pipeline and, thus, a possible leak due to overpressure is reported. Another important cause of
leakage reported is corrosion. The cryogenic properties of Witlle depressurizing may cause
various effects, such as brittle rupture or formation of ice under the pipe, causing mechanical stress
to a defective support.

One of the most unrecognised hazardous characteristics of carbon dioxide is its toxicity at high
concertration, which, together with its tendency to accumulate at ground level because it is heavier

than air (its molecular weight is higher and a depressurization can lead to a lower cloud
temperature), is a very important aspect and must be always considerd HAZID process.

Furthermore, even if the event of a BLEVE has not been mentioned ktiboliagrams, because it is

not related to the equipment items analyzed, it should be noted that the occurrence of a BLEVE
(Boiling Liquid Expanding Vapour Exjao} is possible in the case of catastrophic rupture of a
storage tank containing dense phase,Clhe outcome would thus be an overpressure wave and the
projection of missiles.

Finally it must be remarked that the atypical scenarios here described wakraly identified by

both the methods, but differently presented. While the bdi® diagrams obtained from the top

down approach simply refer to the main top events identified, such as fire, explosion and oxygen and
carbon dioxide LOCs, the bdig diagrans obtained from the DyPASI approach refer to both the
equipment and LOC typologVydblel5). Thus, in the first case the diagrams are more generic but can
give a better overall view of the problem. In the lastedlse number of diagrams and the level of
detail are higher because for each equipment all the possible LOCs are analyzed and the potential
causes and consequences of LOCs are identified.

3.4.5.2Qualitative comparison of the two methods

The aspect of knowledge magement is crucial in the process of identification of atypical accident
scenarios. In fact, when there is no solid experience in terms of past events because of new or
emerging technologies such as in CCS technologies, a wider and more detailed daskhgi®n
proper and specific methodologies is the best option to pursue. In the present study, two different
approaches were considered in order to compare and validate the results obtained, but also in order
to identify and suggest a proper strategy fbetHAZID of CCS atypical scenarios.

The application of the toplown approach was performed a few months in advance (Wilday et al.
2009) of the DyPASI application (Paltrinieri 2010). It was not a long period of time, but enough to
affect the availability ofiterature information in such an evolving research field. On one hand, when
the TopDown analysis was developed, little information was available, thus experts were identified
and requested to provide data and/or to take part in the analysis (Wilday. 089, Wilday et al.
2011c). On the other hand, the DYPASI approach was able to directly avail a detailed set of early
warnings (Paltrinieri 2010). Thus, the availability of literature information or the possibility to obtain

S E LIS NIi & Qare @ritelfons that gtrdngly affect the choice of one methodology approach or the
other.
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Another important selection criterion is the level of guidance needed from the methodology. If a
fixed procedure is what is needed, because it aims to facilitate the userinethieval of available
information and its consideration in the hazard identification, when it is applied by a single analyst,
then the DyPASI approach should be preferred. On the contrary, if a team of experts can be gathered
to perform sessions of bragtorming, where brainstorming is defined as a group creativity technique
aiming to find a problem solution by gathering ideas spontaneously contributed by group members
(Osborn 1963), then the tedown approach is more suitable.

Top-down
approach

Brainstormin%

0
]
>
<
e
<
O
S
5
2 DyPASI
7 approach
v
+— . —
Available literature 9ELISNIL aQ S

information

Figure 22 Comparison between the DyPASI and the Toown approaches.

Figure 22 illustrates these selection criteria. Black indicates where the DyPASI approach is more
convenient. The area where black is predoamn is in correspondence on the availability of

literature information (on the yaxis) and need of a systematic analysis (on tkexig). On the

contrary, white indicates where the tegown approach is more convenient. The area where white is
predominantda Ay O2NNBaLRYRSYyOS 6AGK (GKS | @axig)fando A f A (&
brainstorming (on the 3jaxis). Between these two homogeneous areas there is a shaded region,

where there is no complete predominance of a technique on the other and lhathi@chniques can

be suitable. This overlap is also mirrored by the features of the two approaches, which can not be
rigidly classified. In fact, despite systematicity is one of the main features of the DyPASI
methodology, arbitrariness is used to modetudis for specific applications, in order to consider, for

instance, risk perception and social concern issues. On the other side, results of tdewop

I LILINBF OK | NB y2i 20601 AySR 2yfé o6& YSIkya 2F dza SNI
deals with predefined subjects and keywords.

The two approaches are not actually alternative, rather some of their characteristics are contrasting,
as Figure22 shows. Hence, even if the DyPASI results are un@aljpimore detailed, the method
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must not be confused with a bottomp approach, because it basically follows the same structure of
gradual addition of details to a first phase of identification of general hazaatdg€15). To conclude,

one method should be preferred to the other on the basis of the initial information availability (from
experts or literature) concerning the subject analyzed. Moreover the capacity of the user to perform
a stepby-step analysis or t@rganize a series of brainstorm meetings is another important point.
DyPASI has a higher potential to obtain comprehensive results even when performed by a single
analyst rather than by a team of experts. Nevertheless, this study shows how both the elppsoa

can lead to effective results able to take into account atypical accident scenarios related to CCS
surface installations.

3.5 Conclusions

The DyPASI methodology was built in the effort of mitigating a recognized deficiency of the current
HAZID techniqueis the identification of unexpected potential hazards related to atypical scenarios.
The technique is based on the results of thal@pth analysis previously performed and represents a
translation of the lessons outlined from past atypical accidents.iiaim aim of the methodology is

to provide an easier but comprehensive hazard identification of the industrial process analysed. The
main features of DyPASI are its systematic nature, the enhancement of the knowledge management
and its ability to obtain coplete and concise results. Even if the DyPASI technigue was built to allow
a further extension of the potentialities of the MIMAH approach, the tool can be easily adapted and
applied to other bowtie methodologies. DyPASI features as a tool to support gmegr risk
YIEYyF3aSYSyid LINROSaasx KIFE@Ay3a (GKS LRGSyaGAlrtAde G2
process of assimilation and integration of previously unrecognized atypical scenarios in the risk
management process.

The DyPASI methodology was thegoplied to a complex process of hazard identification performed

on alternative technologies for LNG regasification and Carbon Capture and Transport. A HAZID
analysis was carried out on new substances, equipment and activities and the hazards related to
these new and emerging technologies were investigated. By means of the integration of the results, a
general overview of accident scenarios connected to these technologies was given and some possible
barriers were identified as a starting point in this proges

Even though both the LNG regasification and CCS technologies have given rise to much current
debate, it was demonstrated that:

1 DyPASI is a valuable tool to obtain a more complete and updated overview of potential
hazards, because allows the investigatiof emerging risks that tend to be disregarded by
common HAZID techniques.

1 DyPASI is able to make more easy and systematic the process of learning from different
categories of early warning, such as scientific and technical reports, past accidents or
growing social concern issues and for this reason is preferable when there is availability of
literature information.

1 DyPASI has a higher potential to obtain comprehensive results even when performed by a
single analyst rather than by a team of experts.
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Section 4

Development of indicators for prevention

of atypical accident scenarios
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4.1 Introduction

Risk awareness is a fundamental factor to tackle the issue of atypical accident scenarios and,
together with an effective knowledge management, would make possible thesamment of a
complete and effective process of risk management. To graphically express this approach, the curve
of the Buncefield case discussed in section 2 [Sgarel) should be "pushed up" towards the ideal

case curve and &e the red zone of atypical accident scenarios. There may be two different but
complementary approaches to obtain this result, consisting in tackling separately the risk of
dUnknown KnowéaanddUnknown Unknow#éevents through different methodologies.

The more technical and reactive approach aims at reducing the occurrenc&rdénown Knowa

events by improving current HAZID methods. This approach was widely discussed in sections 2 and 3,
and consists in the introduction of more structured HAZID technigegs,as the DyPASI method,

that result is a more complete overview of potential hazards, which can give rise to a more effective
risk assessment process.

An alternative approach may aim to reduce the possibility of remaining unforeseen events
(dUnknown Uhknowng) leading to an accident. Since there has not been any information or
knowledge about such events (limits to conceive and image some scenarios), we could prepare for
crisis management in the case of inevitable occurrence of accidents and putratiicp actions of
precaution, as stated by Lagadér994) Furthermore, ve could focus on the underlying causes
defined by the accident analysis annex las described in section 2, which in most cases have been
found to have a direct effect on risk magement and can turn into a fertile ground for the
occurrence of atypical accident scenarios. One way to deal with this problem is to improve early
detection of deviations early in the causal chain, in order to make the appropriate adjustments
before the &cident occurs. Collection of errors potentially capable of escalation into a catastrophe
would enable organizations to experience what March e{E91)define asésmall histories, i.e.
fragments of the chain of events leading to an (atypical) accjdemt provide evidence of improving

or deteriorating safety trends and hence decreasing or increasing likelihoods of ac(démister

et al. 2004) Most of all, in a perspective of prevention of atypical accident scenarios, detection of
early warnings auld improve organizational awareness (mindfulness) of safety prob(¥vesck et

al. 1999)and reduce complacency in organizations where major accidents are possible but rare. This
result could be obtained by developing proactive indicators (early waiinitigators) to constantly
monitoring the system, followed by implementation of corrective actiqQiifsneeded.

This sectionaddresses thdatter approachby applying and assessir®) methodologies for the
development of early warning indicators: the Resitie Based Early warning Indicator (REWI)
method, developed by SINTEF (Jien et al. 2010a, Qien et al. 2010b), the Dual Assurance (DA)
method, developed by HSE (Health and Safety Executive) (HSE 2006), and the Emerging Risk Key
Performance Indicator (ER KRig¢thod, developed within the framework of iINT®isk (Friiddansen

et al. 2010).The REWI and DA methodse applied toa Buncefieldike oil depot and the ER KPI
method to LNG regasification technologi€Bhe effectiveness of indicators in preventing wertying

causes of atypical accidents is discussadarticular, the indicators developddr the oil depotare
compared with the direct and indirect causes identified by the analysis of the Buncefield accident in
order to demonstrate their capability t@over them. Finally, complementarity andiependence
between the techniquesand DyPASI are evaluated in the perspectivepaévention of atypical
accident scenarios.

4.2 Methodologies for the development of early warning indicators

Three different methods forne development of early warning indicators were considered in this
study with the purpose to test their effectiveness in coping with the unexpected and to assess
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whether there is any complementarity with the DyPASI technique in the perspective of praveftio
atypical accident scenarios.

The methods assessed are:

1 the Resilience Based Early warning Indicator (REWI) method, developed by @INTEH
al. 2010a, Gien et al. 2010fjigure23a)

1 the Dual Assurance method, developey HSE (Health and Safety Executiit¢$E 2006)
(Figure23b)

1 the Emerging Risk Key Performance Indicator (ER KPI) method, developed within the
framework of iINTegRisk(FriisHansen et al. 201 Figure23c)
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Figure 23 a) Method steps of the REWI method. b) method steps of the DA method. ¢) Method steps of the
ER KPI method.
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The first two the methods were applied to a Buncefitka oil depot, whose characteristics respond

to the description given in Sectidhand (MIIB 2008) However, the application of the methods could
not be carried out without being affected by past events (the major accident at Buncefield and
similar accidents), thus the analysis was divided in two distinas@dt

1. Definition of a first set of indicators exclusively based on candidate indicators, suggestions
and examples reported within the official descriptions and guidance of the two
methodologies(HSE 2006, Qien et al. 2010a, Jien et al. 20it0byder to Imit influence
from past events

2. Comparison with the actual failures that led to the accident at Buncefield and other similar
accidents Table7) in order to identify any lack and to further refine the results obtained.
Any modifiation and addition was highlighted.

The definition of these new indicators was carried out also with reference to the quality
characteristics for safety performance indicators outlined by the International Atomic Energy Agency
(IAEA 1999)mainly focusin@n usefulness and convenience of indicators.

The ER KPI method was applied to the technologies of LNG regasifithfimtioni 201pwithin the
framework of iINTe¢Risk. The purpose of the indicators developed was to manage the emerging risk
raised by theadvent and diffusion of new and alternative technologies.

4.3 The REWI method

This method aims to develop early warning indicators based on the concepts of resilience and
Resilience Engineering. A classic definition of resilience is given by Woods, whrdiedessilience

as ¢the capability of recognizing, adapting to, and coping with the unexpécféébods 2006)
Resilience Engineering is a specific approach to manage risk in a proactive manner by providing
methods, tools and management approaches thatphiel cope with complexity under pressure to
achieve succegsiolinagel and Woods 2006)

The REWI approach uses an operationalization of the concept of resilience as a-pt@iritngnd is
based to some extent on a method developed by U.S. Electric FRegerarch Institute (EPRI) known
as Leading Indicators of Organizational Health (L{O8)EPRI 2000, US EPRI and US DOE 2001)

The main parts of the REWI method, also representing the different tiers of the approach, are the
following:

1. Contributing SuccesFactors
2. General Issues
3. Indicators

The REWI method consists of eigltontributing Success Factof€SFs) representing an
operationalization of the concept of resilience. They were developed starting from some key
literature sourcegTierney 2003, Woodsd Wreathall 2003, Woods 200&hd an empirical study on
successful recovery in higlsk incidents (for this reason the term Contributing Success Factor)
within the research project namedBuilding Safety in Petroleum Exploration and Production in the
Northern Region§(SINTEF 2011, Stagrseth 2010)

For each CSF there is a predefined segerieral issuegsontributing to the fulfilment of the CSF
goals, joined to proposals foearly warning indicators The general issues and proposals for
candidate indicatcs were developed based on the results of several workshops with scientists and
domain experts(dien 2010a) They represent a starting point on which the establishment of
indicators should be made, as illustrated Figure23a. Infact, from the review and selection of
important general issues (steps3)}, a detailed list of suggested indicators is initially obtained. Then a
second level of review and selection allows the definition of a manageable set of indicators steps 4
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6), whch are then specified in detail and applied to the system (stef$. Bince the indicator
performance will most likely change over time, the last steps of the methodology (steps 10 and 11)
explicitly point to regular review and update of the system didators.

It should be noted that, even though the REWI method is based on a predefined set of general issues
and indicators, it is still a contributotyased method, and new elements may be added during
workshops dedicated to the identification of indiocas (steps 2 and 5). The initial suggestions are
first of all a foundation to trigger the creation of suitable indicators, which may not be present in the
initial set considered.

However, as already mentioned above, the first phase of the application\M REthis study was
carried out exclusively by means of the predefined set of general issues and candidate indicators, in
order to limit influence from past events. Then, in the second phase, the comparison of results with
the actual causes of the accidsrconsidered allowed a further refinement of indicators.

A more detailed description of the method can be found in previous publica(i@ien et al. 2010a,
Jien et al. 2010b)

4.4 The Dual Assurance method

The Dual Assurance (DA) method is a safety perfocmdrased method that aims at establishing
safety indicators to describe the safety level within an organization, activity, or work unit. The
method analyses the process safety management system in place to prevent major incidents that
may arise from of theproduction, storage and handling of dangerous substances. Both leading
(proactive) and lagging (reactive) indicators are set in a structured and systematic modality for each
key Risk Control System (RdB)order to confirm that it is operating as inteed or provides a
warning that problems are starting.

Leading indicatorare a form of active monitoring focused on a few critical risk control systems to
ensure their continued effectiveness. Leading indicators require a routine systematic check that key
actions or activities are undertaken as intended. They can be considered as measures of process or
inputs essential to deliver the desired safety outcofRkSE 2006)

Lagging indicatorsare a form of reactive monitoring requiring the reporting and investan of

specific incidents and events to discover weaknesses in that system. These incidents or events do not
have to result in major damage or injury or even in a loss of containment, providing that they guard
against or limit the consequences of a mdjweident. Lagging indicators show when a desired safety
outcome has failed, or has not been achie{e&E 2006)

The use of both leading and lagging indicators provide a "dual assurance" in the way that the results
from both type of indicators should beusistent. If leading indicators show a negative trend and
this is not shown by the lagging indicators (or vice versa), this is an indication of inappropriate
indicators (either the leading or the lagging).

The method is constituted by a sitep procedureor the establishment and the implementation of
performance indicators, as illustrated ifrigure 23b. After establishing the organizational
arrangements to implement the indicators (step 1), the scope of the indicators mustflreedeand

the potential hazard scenarios of the system should be identified (step 2). In the case of potential
atypical accident scenarios, this last step is fundamental and must be carefully carried out. Then, for
each scenario the RCS in place to prévanmitigate the consequences of these events must be
identified (step 3). It follows that RCS safety desired outcomes and related lagging indicators, to
directly show whether or not these outcomes are achieved, can be inferred. They represent the

2 RCS- constituent part of a process safety management system that focuses on a specific risk oeagtivity,
plant and process changesrmit to work, inspection antaintenance et¢HSE 2006)
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reactive aspect of this technique. Step 4 aims to define the actual early warning indicators, but only
after having determined the most important RCS aspects that must be covered, i.e. the most critical
and liable to deterioration activities and operations. Witlese premises, leading indicators, to show

that critical parts of each RCS are working as intended, can be obtained. Finally a data collection and
reporting system must be established (step 5) and a review of performance, scope and tolerances
should be garanteed (step 6).

A more detailed description of the method can be found in a previous public@ti§ik 2006)where

an example of application to a generic oil depot is also described. In this study, the example has been
used as a model and its suggestdrave helped to limit influence from past events in the first phase

of the method application, as already mentioned above. In the second phase, the indicators obtained
were improved by means of the following comparison with the actual causes of the atide
considered.

4.5 The ER KPI method

This method aims to develop a system of Key Performance Indicators (KPIs) related to emerging risks,
aiming to detect an emerging risk, decide when there is a risk issue to be dealt with and monitor the
results of risk rduction actions. Moreover, in the INT&jsk project this system of KPIs is a feature

F2N) GKS O2YLI NRAA2Y YR NXdAy3I 2F SYSNHAYy3I NR&E&]A&Z

Since the iINTeRisk project is ongoing and other outcomes regardimg definition of a shared
methodology are still expected, a preliminary algorithm for the procedure for the identification of
KPIs and for establishing a group of indicators which can be representative in measuring the value of
a process was illustrated iRigure23c. A more detailed description of the method can be found
elsewhere(FriisHansen et al. 2010)

Since the character of the KPI indicator depends on the uniqueness of the process addFessed
Hansen et al. 2010jhefirst steps (steps-B) of the methodology deal with the study of the process.
Thus, after its identification (step 1), the process is described (step 2) and the current status of
performance measurement is defined. On the basis of the information gatdherstructure for KPI
indicators (step 4), applicatioargets,a method of data collection (step 5), and process evaluation
data (step 6) are proposed. Finally a review of the suitability of the indicator system is carried out in
order to correct and refie the indicators outlined.

The key performance indicators are defined for the Emerging Risk Issues (ERIs) related to LNG
regasification technologies and grouped on the basis of the four dimensions of the Emerging Risk
Management FrameworKiNTegRisk 2009 (Technology/Technical, Governance/Communication,
Human management, Policies/Regulation/Standardization) of iNRiglg ensuring the holistic
approach to performance assessment, thus preventing risk shift to other receptors or to other
process life steps.

The ER KPI method was applied to a LNG regasification (lapiccioni 2010 and some
representative examples of indicators obtained are reported and discussed in Section 4.

4.6 Results

Figure24 illustrates the list of important geeral issues defined for a Buncefigikk oil depot, on the

basis of which a set of 33 indicators was produced. Tidi#ges 181 show the Resiliencbased Early
Warning Indicators grouped on the basis of the related CSFs and general issues. Sincearsisawa

is a fundamental aspect for the prevention of atypical accident scenarios, a larger number of
indicators aiming at the improvement of this resilience attribute were obtained. From the
comparison with the actual failures that led to the Buncefieldi@ent (and to similar ones) new
indicators were added to the candidate ones. These are shown in italic.
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Figure 24 List of important general issues defined for a Buncefieldike oil depot
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Table 18 List of Resilience based Early Warning Indicators related to risk awarenedsrisk understanding
obtained for a Buncefieldlike case

Risk Awareness

Contributing
Success factor

General issue

Indicator

Risk Understanding

System knowledge

1. Average no. fo years experience with suc
systems

2. Average no. of years experience with th
particular system

3. Portion of operating personnel receiving systd
training last 3 months

4. Portion of operating personnel taking risk cours
last 12 months

Information about
risk  through e.g.
Courses & doc,

(HAZOP, QRA,...)

5. No. of violations to assumptions/limitations in th
risk analysis (QRA)

6. No. of accidents last 12 months

Reporting of
incidents, near misse
and accidents

7. No. of incident&st 12 months

8. No. of near misses last 12 months

Information about

9. No. of internal audits/inspections coverirn
technical safety last 6 months

the quality of barriers

10. No. of internal audits/inspections coverir
operational safety last fonths

Safety performance
matters requested by
senior management

11. No. of
management

HSE initiatives taken by sen

Communicating
risk/resilience at all
levels of the
organization

12. Portion of company actively using the ri
register
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Table 19 List of Resilience based Early Warning Indicators related to risk awareness / anticipation and
attention obtained for a Buncefieldlike case

Risk Awareness

Contributing
Success factor

Contributing Success
factor

Contributing Success factor

13. Portion of operating personnel participated
HAZID

Risk/hazard
identification 14. Fraction of operational procedures that ha
(HAZID, ..)) been risk assessed
15. No. of reviews of safety reports in the last arge
Anticipation
Learn_ from own 16. Fraction of internal past events considered
experience & .
. safety report review
accidents
[ S I'. NY TN 17. Fraction of external past events considered
experience & .
: safety report review
accidents
18. No. of alarms disabled (withou
Process distibances:| acknowledgment) during last month
control and safety
system actuations 19. Fraction of sensible data related to a uniq
process line controlled by one supervisor
Bypass of control and 20. No. of unauthorized bypasses/overrides duri
safety functions last 3 months
Attention

’sb\i(r:;lxllgneoizvel / 21. Maximum no. of simultaneous operations Ig
: month

operations

Changes: technical 22. No. of changes/modification of technic

process equipment last month

organizational,

external

23. No. of organizational changes last 3 months
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Table 20 List of Resilience based Early Warning Indicators related to Response Capacity obtained for a

Buncefield-like case

Response capacity

Contributing
Success factor

Contributing Succesg
factor

Contributing Success factor

Training (simulators|

24. No. of emergency preparedness exercises la|
months

table-top,
preparedness,...)

25. No. of different accident scenarios included

Response exerdses last month
Ability to  make| 26. Average no. of available support functiong
(correct) decisions contacts during critical decisions

Robustness (off Communication 27. No. of cases in which communication Wweén
between actors .

response) actors has been inadequate

(interface control)

Resourcefulness
rapidity

Adequate  resource

28. Amount of overtime worked

allocation and
staffing (incl. buffer
capacity)

29. No. of cases where responses / actions h
been transferred to next shift
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Table 21 List of Resilience based Early Warning Indicators related to Support obtained for a Buncefield

like case

Support

Contributing
Success factor

Contributing Success
factor

Contributing Success factor

Decision support

Adequate  decision

support staffing
(availability &
knowledge /

experience)

30. No. of cases with inadequate decision supp
last 9 months

Criteria  for safe
pipeline  operation

31. No. of simulations where criteria for sa|
operation have beenxxeeded

well defined and

32. Fraction of simulations where operators hal

understood >
tolerated exceedance of criteria
Redundancy (for _Redundz_:mcy " 33. Portion of support decisions checked / verifi
information .
support) . by independent experts
processing
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From the application fothe Dual Assurance method a set of 26 indicators was defined, 11 of which
are lagging indicators and 15 are leading indicators. Eleven different RCSs were considered. The
comparison with the actual failures that led to the Buncefield accident (and siomikas) resulted

only in a few changes of the definition of indicators. These changes are shown in itaécTiables

22 and 23whichlist the Dual Assurance indicators obtained.

Table 22 List of Dual Assurance indicators obtaired for a Buncefieldlike case

RC

(0]

Lagging indicator Leading indicator

2. Percentage of safetyitical plant/

S ) - e .

c & _ equipment that performs within specificatio

S 8 1. No. of unexpected LOCs due to failure when inspected

D g flexi hoses, couplings, pumps, valves, flang _ .

@ | fixed pipes, bulk tanks or instrumentation| 3. Percentage of maintenance actions

£ E identified that are completed to the specifie
timescale

4. No. of times product transfer does not
proceed as planned due trrors made by

consequently to) maintenance actions o
inspections due to lack of understanding,
knowledge or experience to take correct

]

e staff without the necessary understanding

% knowledge or experience to take correct

= actions 6. Percentage of staff involved in successf
Q . L -

o 5. No. of incidents occurred within (or high-competence tasks

8

n

actions
29
= 3| 7.No. of times product transfer does not 8. Percentage of procedures thaiea
@ 3| occur as planned due to incorrect/unclear| reviewed and revised within the designate
5 = operational procedures period
S 10. Percentage of functional tests of safet
= g critical instrumes and alarms completed td
€ & 9. No. of safety critical instruments/ alarmg schedule
() o . . . .
£ that fail to operate as designed, either in us _ _
9 rectify faults to safety critical instruments

and alarms completed to schedule

13. Percentage of plant change actions
undertaken where an adequate risk
assessment was carried out befoleange

12. No. of incidents involving loss of
containment of hazardous material or fire/
explosion due to failure of flexi hoses,
couplings, valves, pumps, fixed pipes, bul
tanks, where plant change was found to be
contributory factor

Plant change

14. Percentage of plant change actions
undertaken where changes/ outcomes wet
documented
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Table 23 List of Dual Assurance indicators obtained for a Buncefieldike case

RCS Lagging indicator Leading indicator
=) inci - .
7 : 15, NO' of plant breakdowns or incidents 16. On a periodic basis: percentage of bafe
@ involving loss of containment of hazardouy e . )
o . . - critical items of plant or equipment which
= material or failure of safety critical plant/ . .
c . e ) .| comply with current design standards, codg
S8 | equipment where deficiency in plant desig| .
o and best technology option

was found to be a contributory factor

19. Percentage of product transfers wherg

_S 17. No. of times overfilling occurs due to g  confirmation of start and rate of transfer
§ breakdown in communication systems were successfully completed before
g commenced
IS
§ 18. No. of times accidental releases occur ¢ 20. Percentage of_pos;tansfer checks
to breakdown in communication systems undertaken to confirm that pumps have
stopped and valves are isolated or closed
o 22. Percentage of permits to work issued
5] where the hazards, risks and control
i 21. Number of incidents where plant/ measues were adequately specified
= | equipment could be damaged due to failur|
q§) to control highrisk maintenance activity 23. Percentage of work conducted in
o accordance with permit conditions and whe
completion of work has been demonstrate
" 25. Percentage of shutdown/ isolation
o) E systems that functioned to the desired
é = 24. No. of elements of the emergency performance standard when tested
T procedure that fail to function to the
Es designed performance standard _
5 26. Percentage of staff/ contractors trained

emergency arrangements
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From the application of the ER KPI metledet of 49 indicators was defined. The indicators are
listed inthe Tables 246 and grouped on the basis of 3 main ERIs of LNG regasification technologies
(identified elsewhergUguccioni 201)):

1 Lack of understanding of atypical risk scenarios for teK@inals
1 External Hazards
9 Lack of common criteria across the countries

Moreover each table refers to an ERMF dimension. The Human Management dimension is not
present because it was not considered relevant in the context in which the analysis was initially
carried out (iNTedrisk project).

Table 24 List of Emerging Risk Key Performance Indicators related to the ERMF dimension of
AfTechnol ogy/technical 0O obtained for new and alternati

ERI Indicator

1. No. of qualified scenarios per item/hazard

2. No. of potential scenarios (or threats) per item

3. No. of qualified specific frequency data sets per item

4. No. of qualified standardized freency data sets per item

5. No. of qualified specific models per category of accidental scenarig
needing a qualified model

Lack of understanding o

atypical risk scenarios fg 6. Ratio: No. of qualified scenarios per item over No. of potential
LNG terminals scenarios (or threats) per item

7. Ratio: No. of qualified standambd frequency data sets per item ove
No. of qualified standardized frequency data sets per item in refereng
non-emerging sector

8. No. of qualified specific models per category of accidental scenari

9.CNJ} QG A2Y 2F GLISNOSA d&BRaverage (i Sy |
population covered by qualified scenarios

10. No. of qualified external hazards per item/plant

11. No. of qualified external hazards per category of hazard (natural
events, malicious acts and domino effects, etc.).

12. No. of qualifiel assessment models per each type of external hazs

13. No. of qualified scenarios per each type of external hazard

External Hazards _ . _
14.Ratio: No. of qualified external hazards per item/plant over No. of

potential external hazards per item/plant

15. Ratio: No. of qualified soarios for external hazards over No. of
potential external scenarios for external hazard

16. Ratio: No. of qualified assessment models per each type of exter
hazard over No. of generic models proposed
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Table 25 List of Emerging Risk Key Performance Indicators related to the ERMF dimension of
iGovernance/ Communicationo obtained for new and

ERI

Indicator

External Hazards

17.No. of qualified external hazards per item/plant

18. No. of qualifed assessment models per each type of external haz

19. International standards concerning external hazards

20. Availability of standard criteria for external hazards

21. Existence of relevant regulation for external hazards

22.Ratio: No. of qualified externabzards per item/plant over No. of
potential external hazards per item/plant

23. Ratio: No. of qualified assessment models per each type of exter
hazard over No. of generic models proposed

24.1ssues/items not covered by existent relevant standards

25. Issueditems not covered by existent relevant regulation

Lack of common criteria
across the countries

26. No. of specific hazard/risk assessment techniques per type of
installation

27.Existence of relevant standards

28. Existence of relevant regulation

29. Relevant isses not covered by current relevant standards

30. Relevant issues not covered by current relevant regulation

31. Ratio: No. of relevant regulations per type of installation over tota
No. of relevant regulations

32. Ratio: No. of relevant standards per type dftadlation over total No.
of relevant standards
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Table26L i st of

Emer gi

ERI

Indicator

33. No. of qualified scenarios per item/hazard

34. No. of potential scenarios (or threats) per item

35. No. of qualified specific models per category of accidestaharios
needing a qualified model

36. No. of specific hazard/risk assessment techniques per type of
installation

Lack of understanding of

37.b2d 2F GLISNOSAOSRE LIRGSYGALl f

atypical risk scenarios f
LNG terminals

38. No. of qualified media entries on the topic

9.b2d 2F AadzfiFEANBARAYIRK YSIRAI Sy

40. No. of relevant standards per type of installation

41.Ratio: No. of qualified scenarios per item over No. of potential
scenarios (or threats) per item

42b2® 2F GLISNOSAGSR LRGSY (Al fthat
are not qualified scenarios

43.No. of qualified external hazards per item/plant

44.No. of qualified external hazards per category of hazard (natural
events, malicious acts and domino effects, etc.).

45, No. of qualified assessment modg@lsr each type of external hazarg

External Hazards

46. No. of relevant standards

47.No. of relevant regulations

48. No. of relevant regulations per type of installation

49. Fraction of standardized or regulated external hazards that are
qualified external hazards

4.7 Discussion

4.7.1 Comparison of REWI and DA indicators with actual accident failures

While the application of the ER KPI method produced results that seem to effectively cover the
emerging risks analysed, but have no direct confirmation, the application of the first two melihods

a Buncefieldike case demonstrates that they have a good capacity to tackle most of the failures
which led to an atypical accident such as the one at Buncefield (or the similar ones considered).
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4.7.1.1Resilience based Early Warning Indicators

The REWI gemnal issues considered in this study are directly related to the underlying organizational
aspects illustrated ifrigure6, whose failure has favoured the occurrence of the Buncefield accident.
In fact risk awareness is one of tresilience contributing factors, which are in turn the cornerstones
of the method. All the indicators listed in thEable 18 directly or indirectly aim to increase risk
awareness in the company as a way to obtain a resilient azg#an.

Many features of knowledge management are dealt with, such as the general isssisten
knowledge which was lacking both by the senior management and the workforce. A clear example is
that the actual IHLS functioning was ignored within the tharkn (HSE 2011a)ndicators 1, 2 and 3
(Table 18) were defined to consider this general issue. Indicator 2 should specifically address
specialized workers (or contractor companies) assigned to a particular task, such as treviddith
Control Systems company, in charge of the IHLS installation at Bun¢etfgtd?2011a)

Information about riskis fundamental to enhance knowledge management in the perspective of
prevention of atypical scenarios. For this reason indicators 4 and@able 18) were chosen.
Information about the quality of barriershanges introduced (technical, process, organizational,
external)and process disturbances (control and safety system actuatielp to tackle latent and
unidentified or disregarded risks. For instance, the ATG system had been stuck 14 times between
August 31, 2005 and December 11, 2005. Sometimes this was logged as a fault by the supervisors
and other times it was not. Moreover, Motherwell staff never considefeat the gauge should be
investigated, even if they had been frequently called to rectify the mai¢BE 2011a)This
demonstrates the importance of audit and inspections of both technical and operational safety and
for this reason indicators 9 and 10ablel8) were selected. Indicator 19éblel9) was added to the

set of candidate indicators in the second phase of the analysis to address the capability of
supervisors to have a general overview of dataiagle process lines. It refers to the impossibility of
Buncefield supervisors to have access to the SCADA monitoring system of some depot pipelines due
to historical reasons, forcing them to exclusively rely on ATG conift8& 2011a)Similarly the
indicator 22 Tablel9) is proposed to cover one of the causes of the Saint Herblain accident (1991) in
Table7, where a rubber joint guaranteed by the manufacturers to aromatic concentrations of a
maximumof 30 % ruptured the first day of an operational change to unleaded gasoline containing 55
% of aromaticgLechaudel and Mouilleau 1995)

However, the indicators address factors not only contributing to the occurrencdJaknown
Unknowrg events, but alsoto dUnknown Knowaé events, aiming to achieve a better and
comprehensive process of identification of accident scenafeporting of incidents, near misses
and accidentandf S Ny Ay 3 FTNRBY 26y shoyidhel2td de& Wb dhe BdedsiSAHA Sy O S
learning from past experience. For this reason, indicators 6,(TaBle18) and 17(Table19) were
added to the set of candidate indicators in the second phase of the anaR&&/hazard
identification (HAZID, ..)specifically refers to the improvement of HAZID processes, which is the
basic issue on which the DyPASI methodology is based. The indicators 13, 14 aadld®9)) in

this case focus on the presence of a conedrHAZID process, on its completeness and on its
updating, considered as effective elements of enhancing this fundamental aspect of risk
management. Regarding the aspect of updating, the SeileBirective (Council Directive 1996)
imposes to review and wate the mandatory safety reports, including hazard identification, at least
every 5 years. For this reason indicator 15 was added to the set of candidate indicators.

Finally the aspect of communication is monitored by indicatorTible18), which is related to the
organizational issue @ O2 YYdzy A O GAY 3 NRA &1 kK NBaAt AgHLBlicatori | £ £
should help to strengthen risk awareness and knowledge management in a company.
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4.7.1.2Dual Assurance Indicators

The mial Assurance method basically focuses on operability failures related to some relevant Risk
Control Systems (RCSs). The RCSs considered had a primary role in the accidents at Buncefield (and in
similar others- see Table 7). For instance, effectiveinspection and maintenanceould have
prevented events leading to an atypical accident in a Buncedlildddepot, such as the LOCs that
occurred in Houston (1962) and St Herblain (199Hble7) (Lechaudel ath Mouilleau 1995, MIIB
2008) Indicator 1 Table22) would be able to register the possibility of this kind of LOCs and, above
all, indicator 2 could have been an early warning for them. This method is able to address failures of
instrumentation and alarmssuch as théATG and IHLS systems, which were the direct causes of the
loss of primary containment at Buncefield. In fact, a lagging indicator monitoring this kind of failures
(indicator 9Table22) anda leading indicator (indicator ITable22) monitoring maintenance actions

were defined by this method and could have been potentially able to cover the ATG cases of
malfunctioning with no appropriate investigatigRiSE 2011a)

Other technical aspects are coped with by indicators relateglamt design The tank design had an
important role in the accident at Buncefield, leading to the formation of a large flammable cloud.
This would be an event registered by indicator Takle23). Indicator 16 (adapted in the second
phase of the analysis) would have given an early warning before the occurrence of the accident at
Newark (1983)Table7), where storage tanks were not equipped kvautomatic level controls, but

just checked by sight. Thus, the safety system, even if complying with the design standards, had not
adopted the best technological option available at the tif@SHA 1983)

Indicators 5 and 6T{able22) address one of the several sides of the general concept of knowledge
management, which is thstaff competencewhose lack mainly caused the failure of IHLS. Indicators
7 and 8 Table22) aboutoperating proceduresould efectively help to compensate potential lack of
knowledge of personnel.

Goodcommunicatioris essential in every aspect of site management. In this particular case indicator
19 (Table23) could have covered the difficulties encoured by the Buncefield supervisors to know
data related to product transfefHSE 2011awhile indicator 20 Table23) might have prevented a
valve to be left open at the Jaipur oil depdtaple7), from which the accidental release of gasoline
developed(Indian Oil Corporation, 2009)

Finally indicators 21 and 234ble23) about thepermit to workallow keeping the conditions of work
under control and at the same time may giveearly warning concerning the cases of negligence at
work, such as those related to handling flammable substances encountered at Naples and Newark
before the accidentg§see annex |)

The only underlying failure shown iRigure 6 and not directly tackled by this method is risk
awareness. Nevertheless, as demonstrated by Weick and Suft®®®) collection of early warnings

and an appropriate dissemination of information may encourage an ongoing dialogue about safety in
an organiation, even out of the formal prevention activities, resulting in a greater awareness of
what can go wrong and in a greater willingness to discuss potential risks.

4.7.2 Emerging Risk Key Performance Indicators

None of the indicators developed through the ER idEthod and shown ithe Tables 2426 monitor

past events, but they all have a proactive approach to the issue of emerging risks related to LNG
NEBIlFAATFAOFIGAZ2Y (GSOKy2t23ASad C2NJ AyaidlyOoSs GKSe
risk sceh NA2& F2NJ [bD GSN¥YAYylIfaé Y2yAldz2NRAy3a GKS yd
scenarios per item (indicators 1 andrable24) and their ratio (indicator @able24), which can have

the role of earlywarning for the identification of accident scenarios commonly not considered in

safety reports (atypical scenarios). The aspect of the availability of specific and standardized
frequency data sets is not disregarded (indicators 3 anthdle24) and a thorny factor like the
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perception of potential accident scenarios by the average population is highlighted by indicator 9
(Table240 @ ¢ KS | LILINRPF OK (2 GKA& 9wL 6Stfy2aANEBE2 WA f
events previously described.

¢KS FLILINRIFOK (2 GKS 20GKSNJ (62 9wL& O6G9EGSNYIt |
prevention of phenomena indirectly related to atypical scenarios and can instil the appropriate safety
culture withn an organization. In particular the lack of common criteria can act on the organization
preparedness by showing a lack of official standards and regulations (indicat8&sT2ble26) and

urging the organization to take due paadgions.

However, despite the ER KPI method should in principle develop indicators for the integrated
management of emerging riskgNTegRisk 2009)including the societal, cultural and governance

aspects defined within the iINTegisk Framework, this piasular application has partially disregarded

the underlying conditions described in section 2, whose prevention would lower the occurrence
LINPOFOATAGE 2F alyly2eéey |yly2eyée S@Sydaod Ly TFIO
directly addressedydR (G KS 9waC RAYSyaazy 27F aldzYty YlIylF3s
maybe due to different aims in the iINT-&isk taskiNTegRisk 2009Yeferring to the analysis of

emerging risks in LNG regasification technologies and to the fact that these araipagli results

and the study is still ongoing.

4.7.3 Synergy between the three methods and DyPASI

Sets of indicators which are directly relevant as early warning can be obtained from all the three
methods. This allows a more proactive approach in risk managemdapendently of the actual
occurrence of events. A positive influence on the organization may thus be obtained, opening a
discussion on potential risks and increasing general risk awareness. In particular the REWI method
focused on positive signals (whaent right) by means of an analysis of contributing success factors
and the ER KPI method focused on emerging risks as a diagnostic tool for accident prevention.
Nevertheless, the reactive approach is not completely disregarded and some indicators gda hel
monitor and learn from previous events.

Inherent differences in scope and in the detail of the analysis of the methods became evident in the
application. The Dual Assurance method narrows the scope to operability failures related to some
systems/actities and not to a complete installation, while the resilience based approach mainly
addresses organizational aspects related to the entire installation and to all its risks. In this last case

the deficiencies to search for occur early in the accidenuahshain, at a point where human,
organizational and cultural factors play a significant role. Hence, in order to prevent the occurrence

2F dzySELISOGSR FGeLmAaoOrt alOSyFNxz2asz G(G(KS wo9z2L YSiGK
and stabilizethe @ NE RS&aANI 6t S 2y S&urtd &nd Snéwsléh RQOE) a prdadive & LI OS ¢
gl e 2F 2LISNFGA2YT aAYAEFNI 02 GKS | LILINEZFOK 27F LN
described. Similarly the ER KPI method should act on different levels of nslgemaent, without
RAANBIINRAYT 020K GKS GSOKYyAOFt o6a¢SOKyz2f23ek (0
6al dzYly YIFylFr3aSySyidé FyR GD2@SNYIlIyOSk [/ 2YYdzyAOl GA
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Figure 25 a) Comparison between the REW Dual Assurance (DA) and ER KPI methodologies on the
basis of their Updating Ability (UA), focus on Risk Awareness (RA) and Organizational Factors (OF). b)
Assessment of Dependence and Complementarity to DyPASI of the safety indicator methodologies
consdered.

Figure25a illustrates some features of the methodologies assessed, which are fundamental for a

LINR LISNJ LINB@Sy A2y 2F | (& LA Qly] yRBSNel aSO S\yWi aLS NII2AND
Figure25a describes the Updating Ability (UA) of each safety indicator methodology. The ability of

being upto-date reduces the possibilities that early warnings are not taken into account and
positively affect the Risk Awaress (RA- in Figure 25a) of workforce and management. Risk
awareness affects in turn the general organization and tends to avoid most of the organizational
conditions (Organizational FactorsOF inFigure 25a) that indirectly promote atypical accident

scenarios.

All the methodologies have a good updating abilfjg(re25a) because they all consider a process

of review in their praeduresFigure23, but REWI is the only methodology which can develop an
indicator explicitly addressing the review of the HAZID process (REWI indicdtabl#%9). Both the

REWI and ER KPI methodolsgproperly cover the aspect of risk awareness: the first because it
considers risk awareness as a cornerstone of resili@@en et al. 2010a, Jien et al. 201@ind the

REWI indicators-23 (Tables 18 and 3%hould lead to it by accomplishing their resfive CSFs (Risk
understanding, Anticipation, Attention); the latter because it employs several indicators in measuring
HAZIDNB f F GSR aLlSO0da Ay 2NRSN) G2 | RRNBaa GKS 9wL 2
F2NJ [ bD (S NN A y direcllyéinEreageiisk @Wareseks2nitrfinRhe organization. The Dual
Assurance methodology, even though it produces leading indicators, can not properly address the
aspect of risk awareness and, more in general, all the underlying organizational factolsath&o

an atypical scenario. The ER KPI methodology can potentially cover organizational factors, because it
was created to comprehensively manage emerging risks and refers to the four different dimensions
of ERMKFriisHansen et al. 2010Q)but in thiscase, as already shown, the indicators obtained
partially overlook this aspect by disregarding the ERMF dimensions of Human management. The
REWI methodology proves to be the best methodology to tackle organizational factors.

Finally, in a perspective ofrgvention of atypical scenarios, the relation between DyPASI and the
safety indicator methodologies must be discussed. In fact, one of the most relevant differences
between the Dual Assurance method and the other two methods is the complete dependeriee of t
first and the synergy of the others with respect to DyPASI, as describéidgimng25b, where only DA
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and REWI are shown. When applying the Dual Assurance method, accident scenarios and their
immediate causes have to be defingdorder to identify the most important RCSs. For Seveso sites,
this can be carried out by means of the information contained in the official safety reports, as
explicitly affirmed also in the official HSE guida(td€E 2006)Thus, despite the results tfis study
demonstrate that the Dual Assurance method could improve the prevention of atypical accident
scenarios by the identification of early warnings, its actual effectiveness ultimately depends on the
HAZID technique's ability to identify and capttine relevant accident scenarios.

On the contrary, the ER KPI method and, most of all, the REWI method aim to early identify poor
knowledge management or deficient hazard identification, in order to awake risk awareness in the
company and implement corrége actions. This may trigger the application of a tool to improve and
update knowledge management and the HAZID processes, such as DyPASI. The relation between the
DA and the REWI methods can be better described Fijure 26. Figure 26a shows the
complementarity but also the dependence on DyPASI demonstrated by the DA mg&iback26b

mirrors the complementarity to DyPASI associated with the characteristics of reiterability an
dynamicity shared by both REWI and DyPASI.

a)
Dual
Assurance
indicators
b)
) REWI

Figure 26 a) Method steps of the REWI method. b) method steps of the Dual Assurance method

4.8 Conclusions

Three methods for the development of early warning indicators were succgssfylied to cases
where atypical accident scenarios were registered (Buncelileédoil depot) or deemed probable
(new and alternative technologies for LNG regasification).
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The development of indicators for a Buncefidilde oil depot was carried out ifwvo distinct steps. In

a first step the actual definition of indicators, and in a second step a comparison with past atypical
events were carried out. This allowed limiting the influence and showing additions and changes due
to past experience of atypicatenarios. The indicators obtained demonstrated a general capacity to
cover direct and underlying causes of the atypical major accidents considered. They appeared to be
generally able to prevent this kind of accidents from happening, if in use. The methaus strictly
depend on the occurrence of events, thus are also able to address the prevention of never previously
experienced events, the smalleddUnknown Unknowaevents.

The development of indicators for new and alternative LNG regasification aémlies mirrored an
effective approach to the issue of emerging risks, partially following the guidelines outlined within
the preliminary description of the method. In fact, the indicators obtained especially focused on the
identification of atypical scem@s and could lead to proactive actions of prevention by the
organization. However, due to the specific application within the iNTie§ task the comprehensive
approach was partially disenchanted and the human and organizational dimension remaindg slight
uncovered.

The three methodologies demonstrated different scopes and address different aspects of risk
management. The indicators defined using the Dual Assurance method mainly cover operability
failures of specific Risk Control Systems. The ER KPbdnsliould comprehensively address the
process of emerging risk management in all of its dimensions. Whereas the REWI method, by
definition, focuses on the organizational level, monitoring failures and promoting acts aiming to a
resilient system. The mairifterence is between the Dual Assurance method and the REWI method
and concerns the issue of hazard identification, which is fundamental for the prevention of atypical
accident scenarios. Despite its proven effectiveness, the Dual Assurance method whofetrictly
depend on results from the HAZID process. A lack or flaw in the HAZID process would affect all the
subsequent analyses, and an unrecognised (atypical) scenario would not be properly tackled by
indicators.

The REWI method showed a good capatit focusing on underlying organizational aspects, which
creates a fertile ground for any atypical accident scenario to develop, such as risk knowledge and
awareness. REWI indicators allow keeping these factors under surveillance, to identify potential
deviations and to undertake appropriate corrective actions. The application and reiteration of DyPASI
(or of other improved HAZID techniques) could be one of the corrective actions aiming to enhance
risk knowledge management in general, and hazard identificain particular. REWI is not
dependent on the specific HAZID outcome. It is complementary to the result of HAZID and supports
risk appraisal through a parallel and comprehensive action of organizational improvement. A mutual
activity of prevention usinghese two methods (REWI and DyPASI) would be an effective strategy in
which human, organizational, cultural and technical factors are addressed by an integrated approach.
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Section 5

General conclusions
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5.1 Characteristics of atypical accident scenarios

The accidenanalysis carried out on two representative examples of major atypical accidents such as
the accidents at Toulouse (2001) and Buncefield (2005) allowed outlining the main characteristics of
an atypical accident scenario:

1 An atypical accident scenario ig Befinition a scenario not captured by standard risk analysis
processes and common HAZard IDentification (HAZID) techniques because deviating from
normal expectations of unwanted events or worst case reference scenarios. In fact, the
accident scenarios carred at Toulouse and Buncefield were not considered by the site
safety reports and the application of a wkhown methodology such as MIMAH
demonstrated the inability of current HAZID techniques to capture the actual scenarios.
Atypical accident scenas may be also related to new and emerging technologies, whose
scenarios are still not properly identified, and that may remain unidentified until they take
place for the first time. Examples of new and emerging technologies were found within the
fields ofLiquefied Natural Gas (LNG) regasification and Carbon Capture and Storage, where a
lack of substantial operational experience leads to difficulties in identifying accurately the
potential hazards.

T Atypical accident scenarios can be inferred by means ef paents, experimental tests,
Y2RSta 2NJ 20KSNJ aLISOATAO G22ta adzOK Fa Y2yAil
g NYyAy3Iae YR GKSANI AYGSNLIINBGFGAZ2Y yR AyaS3a
exempt from errors and misreadinggnd with very little feedback available. This was
demonstrated by the integration of the actual chain of events occurred at Toulouse and
Buncefield into MIMAH bowie diagrams, previously performed. Atypical events, about
which early warnings are availabley R 02t f SOl 6f S 6SNB RSy2YAyY
events, i.e. events we are not aware we (can) know.

1 An atypical accident is an articulated phenomenon not easily explainable event after its
occurrence. It consists in a rather low probable combinatiorevents, which are in turn
facilitated by a set of factors (technical, human, organisational, societal) that cannot be all
defined as atypical themselves. However the identification of strong similarities between
direct and root causes of the various accite considered, and the identification of
transversal failures, such as the organizational ones, allowed glancing a path to follow for
LINE@SyGAz2y 2F gKIG KIFI@S 08 Sefent] SefdvghBRe dred o | v |
not aware we do not know. Generaltams of precaution and tackling underlying conditions
would reduce their occurrence probability.

The risk management cycle by M. Mer@d10)gave a valuable contribution within the assessment

of an approach to tackle the critical issue of atypical asctidgeenarios. In fact, the key element of

risk awareness was highlighted and identified as a fundamental factor in the learning process from

LI ad fSaazya FyR SIENIeé gl NYyAy3da Ay 2NRSN 42 IR
prevention of underlyingOl dza Sa Ay 2NRSNJ G2 26SN) GKS 2 0OO0dzN
Ly ly26yasédd C2N) KA&a NBIFazy aS@OSNIrf RAFFSNByYyd YS
identify the best options for a holistic approach to a multifaceted issue such as atypotdérac

scenarios.

52! DPOT AAE O OS5TETTxT +11 x1 00
On the basis of the results of the-depth analysis performed, a new and advanced methodology
denominated DyPASI was built in the effort of mitigating the recognized deficiency of the current

HAZID techniqued the identification of atypical accident scenarios. The new technique aims at
providing a comprehensive overview of potential accident scenarios of the industrial process

106



analysed by a systematic collection and analysis of related early warningsthfiehogin features of

DyPASI are its systematic nature, the enhancement of the knowledge management and its ability to
obtain complete and concise results. DyPASI features as a tool to support emerging risk management
process, having the potentiality to Hre] & @A OA2dza OANDf Saé¢ | yR G NR3I:
FAaAYAfFGA2Y FYR AYUSANIGAZ2Y 2F G!yly26y Yy24y
process. DyPASI was initially designed to support a-kmeivn methodology, such as MIMAH.

However, it can beasily adapted and applied to integrate other btiew methodologies.

The new methodology was tested on complex processes of hazard identification applied to new and
alternative technologies for LNG regasification and Carbon Capture and Storage. Thraugh th
application it was demonstrated that DyPASI is a valuable tool for a more complete and updated
overview of potential hazards compared to a conventional HAZID technique such as MIMAH. The
identification and investigation of emerging risks that tend to disregarded by common HAZID
techniques was allowed by means of a systematic learning process from different categories of early
warning, such as scientific and technical reports, past accidents or growing social concern issues.

A representative example aftypical event related to LNG regasification and identified through the
application of DyPASI is the Rapid Phase Transition, which can lead to a physical explosion if LNG
comes into contact with water. This event was inferred from past ev@@ks |V Intarational 2006,

US EPA 2007processed and fully reported within the bete diagrams obtained as result of DyPASI
application. Moreover, an example of an atypical event related to CCS technology and inferred from
related studies by DyPASI is dispersiohigh-concentration C& which can lead to important toxic

effects (and not exclusively to asphyxiatigpNV 2009)

The HAZID analysis of CCS technologies was performed in parallel with another methodology: the
dTop-downg approach. This allowed the use different perspectives and to carry out a comparison

of the two methods in order to find in which conditions one is more suitable than the other. In fact,
DyPASI should be preferred to td&opdowné approach if early warnings are directly available in
literature, rather than suggested by experts. In fact, DyPASI has a higher potential to obtain
comprehensive results even when performed by a single analyst rather than by a team of experts.

53! DPDOT AAE O1T OS5TETT x1T B5TETT xT 06

Three methods for the developmenf early warning indicators were assessed in order to tackle the
AdadzsS 2F alylyz2ey 'yiy2éyé GeLMAOlIE S@Sydao ¢KS
address the generatonditions that promotethe occurrence of atypical accident scenarios.
Preventing the underlying causes of an atypical event would possibly lower the occurrence
LINPOIFOATAGRE 2F G!yly2s6y |yly2eyaed ¢KSAS YSUK2RZ
ER KPI method and were applied to representative cases where atypical aceidertrios are

possible, as demonstrated by past events and by the analysis previously carried out.

In particular, the REWI and DA were applied to the Buncefield oil depot, while the ER KPI method was
applied to the LNG regasification technologies. Thécatdrs developed by REWI demonstrated a
general capacity to cover underlying organizational causes of the atypical major accidents
considered, showing a better ability to address the prevention of never previously experienced
events compared with the oths. In fact, the indicators developed by DA addressed more direct and
operational causes and partially disregarded background conditions, such as the organizational
dimension. Finally, the ER KPI method was applied to the LNG regasification technolitigigspd/

results in terms of prevention of atypical scenarios, because the indicators were developed to
specifically address the lack of understanding of atypical scenarios, but once again they were partially
lacking on the human/organizational level.

Firally, the main difference reported in the comparison between the three methods concerns their
possible dependence or complementarity with DyPASI. In particular DA and REWI are the
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methodologies which most differ in their relation with DyPASI. The Dualrakss method was
found to be strictly dependent on the HAZID process, which is not foolproof and could affect all the
subsequent analysis. On the contrary, the REWI method did not demonstrate to be particularly
dependent on the specific HAZID outcome, bamplementary to the result of HAZID by supporting
risk appraisal through a parallel and comprehensive action of organizational improvement.

5.4 Holistic approach to atypical accident scenarios

This study allowed outlining an innovative approach to tackle iafypaccident scenarios on more
levels in order to obtain a structured and complete prevention action.

A new and advanced technique for the identification of atypical accident scenarios (DyPASI) was
developed in order to be used as support to standard amdely applied HAZID methods, such as

bow-tie analysis. By means of this technique, comprehensive but concise overviews of potential
hazards related to the substance, the equipment or the process considered can be obtained. The
method allows considering dnsystematizing early warnings and past lessons and learning from
them, in order to integrate also the accident scenarios that are deviating from common expectations,
odzi Oly o06S OflaaATASR a alyly26y YYy26yacés Ayil?2
Moreover, a methodologgomplementary of the newly developed DyPASI was identified in order to
address the transversal and indirect causes identified by the accident analysis and which can be
mainly detected on the organizational level. By definition this methodology (REWI)ssddréhe

resilience capacity of an organization through the development of specific early warning indicators. It
allows keeping high the level of risk awareness, the response capacity and the general support in an
organization. The methodology also pogitiv affects the HAZID process by monitoring its reliability

YR dzLJRFGAYy3a AGa adlddzae ¢Kdzaz y2d 2yfte AL 268!
by tackling underlying organizational causes, but also it triggers the use of DyPASI requidre a

reliable and updated HAZID analysis.

To conclude, the synergy of the REWI and DyPASI methods would be an effective strategy against
atypical accident scenarios in which human, organizational, cultural and technical factors are
addressed by an integratl approach.
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I.I Introduction

Thisannexshowsthe in-depth analysis of 5 atypical major accideatsd the comparison of one of

them (Buncefield 2005) with similar and more recent accidents. All tletsdieswere performedfor
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0KS y2NXIt wihih the ftadwakioh theSEC priect iNTegRisk and reported in the

following iNTeeRisk deliverables:

1 Buston J, Van Wijk L, Dechy N, Joyce B, Watkins P, Cope M, Milner A, 2010. Description and
analysis of events leading to major atypical accidents, Deliverable D1.4.4.1, EC project iNTeg
Risk, 7th FP, Grant: @i?213348.

1 Atkinson G, Buston J, Salzano E, Dechy N, Van Wijk L, Joyce B, Cope M, Paltrinieri N, 2010.
Atypical Vapour Cloud Explosion type events, Deliverable D1.4.4.2 of EC projeeRidkleg
7th FP, Grant: CIP 213342,

In order to perform the analysjsinformation from official investigations and relevant articleas
collected in acommon schemgwhich allowedto obtain mutually comparable resultdwuthors and
maininformationsources ardnere shown foreach study carriedut.

Atypical major accidentBuncefieldUnited Kingdom}1/12/2005
Author of the analysis:Nicola Paltrinieri
Main sources of information:

1 Buncefield Major Incident Investigation Board, 2008. The Buncefield Incident 11 December
2005: The Final Report tie Major Incident Investigation Board: v. 1, HSE Books,-1SBN
978-0-717662708, http://www.buncefieldinvestigation.gov.uk/reports/volumel.pdf
(10/02/2012)

1 Johnson DM, 2010.h€E potential for vapour cloud explosiogd.essons from the Buncefield
accident, Journal of Loss Prevention in the Process Industries, Volume 23, Issue 6, November
Pages 92:D27.

1 Atkinson G, Cusco L, 2011. Buncefield: A violent, episodic vapour clougi@xplerocess
Safety and Environmental Protection, Volume 89, Issue 6, Page3/860

1 Herbert I, 2010. The UK Buncefield inciderithe view from a UK risk assessment engineer,
Journal of Loss Prevention in the Process Industries, Volume 23, Issue 6)F592G.

1 Gant SE, Atkinson GT, 2011. Dispersion of the vapour cloud in the Buncefield Incident,
Process Safety and Environmental Protection, Volume 89, Issue 6, Pagt33391

Atypical major accidentToulouse (France) 21/09/2001
Author of the analysisNicolas Dechy
Main sources of information:
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Essig P, 200Rébat National sur les Risques Industriels, Octdabéeembre 2001, Report to
the Prime Minister

Several report by the InVs (French National Institute on Health Monitoring),
http://www.invs.sante.fr.
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Atypical major accidentNewark (USA) 07/01/1983
Author of the analysisNicola Paltrinieri

Main sources of information:

)l
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Facility 7th January 1983, Loss Prevention Baolleti

Bouchard JK, 1983. Gasoline Storage Tank Explosion and Fire, Newark, New Jersey,
07/01/1983, 1 fatality, Summary Investigation Report, National Fire Protection Association.

OSHA 1983. Texaco tank facility, Newark, N.J., Fire and explosion on Jant883,7,
Hearings before the subcommittee on health and safety of the Committee on education and
labor house of representatives (XIIX congress).

Bouchard JK, 198Qwvefill causes N.J. tank explosidfite Service Today

Norman M, 1983 Tank Overflow Led to dwark Blast, Official Safhe New York Times,
11/01/1983

Atypical major accidentNaples (Italy) 21/12/1985

Author of the analysisErnesto Salzano

Main sources of information:

1

1

Final Judgment Report of the Court of Napoli on the accident occurred ifudhestorage
area of Naples on December 21st, 1985.

Maremonti M, Russo G, Salzano E, Tufano V, 1P8&accident analysis of vapour cloud
explosions in fuel storage areas, Process Safety and Environmental Protection, Trans IChemE,
77, 360365.
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1 Russo GMaremonti M, Salzano E, Tufano V, Ditali S, 1¥@&or Cloud Explosion in a fuel
storage area: a case study, Proceedings of the 9th International Symposium on Loss
Prevention and Safety Promotion in the Process Industries, vol. 3; 1111

1 Tufano V, Mamonti M, Salzano E, Russo G, 1®#&ulation of VCEs by CFD Modelling: an
Analysis of Sensitivity, Journal of Loss Prevention in the Process Industries,-175169

Atypical major accidentSaint Herblain (France€)7/10/1991
Author of the analysisNicdas Dechy
Main sources of information:
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(Groupement Pétrolier de Nantes), 10illaa 1992, INERIS/EXRc z3/10 78782 by F
Lechaudel and-B. Pineau.

1 INERIS and FINA case study report presented in a French conference on learning from
experience in oil storages, at Lyon, the 30th of January 1996, -1Saibtain, le 07 Octobre
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and G. Russeil (FINA)

1 Lechaudel JF, Mouilleau Y, 1995. Assessment of an accidental vapour cloud explosion, a case
study : SainHerblain, October, the 7th 1991, FrandProceedings of the 8th International
Symposium on Loss Prevention and Safety Promotion in the Process Industries, Afvers, 6
June 1995.

1 Dechy N, Descourrieres S, Salvi O, 2005. The 21st september 2001 disaster in Toulouse : an
historical overview of ta Land Use Planning, Proceedings of the 28th ESReDA Seminar on
the Geographical Component of Safety Management: Combining Risk, Planning and
Stakeholder Perspectives, Karlstad University, Swedefhb14ine 2005.

1 Mouilleau Y, Dechy N, 2002. Initial analysf the damage observed in Toulouse after the
accident that occured on 21st of september on the AZF site of the Grande Paroisse company,
International ESMG Symposium, Nirnberg, Germatp &ctober 2002, on Process safety
and industrial explosion protectn.

1 BARPI, ARIA database file n°2 914.

Atypical major accidentsComparison betweemBuncefield(United Kingdonil1/12/2005), San Juan
Bay (Puerto Ric®3/10/2009) and Jaipu(India29/10/2009

Author of the analysisNicola Paltrinieri
Main sources of infomation:

1 MIIB 2008. Buncefield Major Incident Investigation Board, The Buncefield Incident 11
December 2005: The Final Report of the Major Incident Investigation Board: v. 1, HSE Books,
ISBN13: 9780-7176627038,
http://www.buncefieldinvestigation.gov.uk/reports/volumel.pd10/02/2012).

T CNN, 2009. Puerto Rico firefighters work to contain massive fuel blaze,
http://edition.cnn.com/2009/WORLD/americas/10/23/puerto.rico.explosiqi4/01/2011).

1 Indian Oil Corporation, 2009. Independent Inquiry Committee Report on Indian Oil Terminal
Fire at Jaipumttp://oisd.nic.in/uniguepage.asp?id _pk=424/01/2011).

124


http://www.buncefieldinvestigation.gov.uk/reports/volume1.pdf
http://edition.cnn.com/2009/WORLD/americas/10/23/puerto.rico.explosion/
http://oisd.nic.in/uniquepage.asp?id_pk=22

I.Il Vapour Cloud Explosion at Buncefield, UK - 11t December 2005
I.Il.I GENERAL DETAILS OF EVENT AND SITE

[.1.I.1 Accident Location

Hertfordshire Oil Storage Ltd (HOSL), Buncefield Oil Storage depot, 3 miteblérmel Hempstead
town centre, Hertfordshire.

[.1l.1.1l Date and Time
11 December 2005, 6.00 am

L.ILLIII Short Description / Industrial Setting Involved

The Buncefield depot is a large tank farm 3 miles (about 4.8 km) from the town centre of Hemel
Hempstead, Hertfordshire. fank farm stores fuels and other products in tanks before they are
transported to other facilities such as petrol stations or airports. Buncefield was the fifth largest of
108 oil storage sites across the UK.

An overfill of a fuel storage tank resultedariarge loss of containment of 250,000 litres of fuel and
release of flammable vapours, which exploded on meeting an ignition source. No lives were lost, but
the longerterm psychological, emotional and financial damage to many people was considerable.

In December 2005, the depot contained three sites:

1. Hertfordshire Oil Storage Ltd (HOSL): a joint venture between Total UK Ltd and Chevron Ltd.
The HOSL part of the depot was divided into two sectipHOSL East and HOSL Weahd
was permitted to store 34900 tonnes of motor fuel and 15,000 tonnes of heating oil;

2. British Pipeline Agency Ltd (BPA): a joint venture between Shell and BP, though the assets
were owned by UK Oil Pipelines Ltd. The BPA site was also split into two sections
Wh2NIKQ 80 2XNBE/ KCINIMIQO aSO0dAz2zy FYR (KS YIFAY
70,000 tonnes of motor and other fuels;

3. BP Oil Ltd: at the southern end of the depot, this site had consent to store 75,000 tonnes of
motor fuel.
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Figure 27 Map of Buncefiel oil storage depot

[.11.1.1V Context of Event

Geology

The Buncefield Depot and the immediate surrounding area are positioned on a variable layer of clay
with flints over Upper Chalk. The clay with flints layer is classified as a low permeability surface
deposit and is believed to be present at a variable thickness of between 2 m and 10 m. This layer
should inhibit the vertical and lateral migration of contaminants and protect the chalk aquifer below

where present in sufficient depth.
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The Upper Chalk isadsified as a major aquifer, which provides water supplies regionally. The Depot
is located within the catchment of a ground water abstraction point located to the south and east of
the Depot. Ground water is present typically at a depth of 45 metres bglownd level and flow is
generally towards the southast.

Natural holes in the chalk which allow quicker water flow than normal may be present, but none
have been positively identified in the immediate area. 66 Within the Depot site boundary a layer of
made-ground, comprising a sand clay dominated soil mixture, overlies the clay.

Topography
Schematic of topography at Cherry Tree Lane
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Figure 28 Topography of the area

Water

A local ground water abstraction point that is used asliog water is located approximately 500 m
south of the Depot.

The River Gade is located approximately 3 km to the sa$t and the River Ver approximately 3.5
km east of the Depot.

During normal operation, surface water from the Depot drains to the Defftuent treatment plant.

It is then pumped into the public surface water system at Pratts Dell to the weetit of the Depot.

This in turn drains to the surface waterbalancing pond at Redbourne Road and subsequently to the
River Red, a tributary of thRiver Ver.

Maylands pond is another surface wateslancing pond situated to the southwest of the Depot. It
was used as a source of filighting water during theccident
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Weather conditions

Meteorological Office records have been obtained for twossié Luton Airport (13 km to the east
north-east) and Northolt (24 km to the south). These indicate that during the early morning of 11
December 2005 the weather was calm, cold, stable and humid. Atmospheric stability at Northolt was
stable (Pasquill stality category F). The relative humidity was recorded as 99%. The air temperature
was ¢1.7 C at Northolt and 1 C at Luton. There was no wind recorded at Northolt, while Luton
recorded an average wind speed of 6 knots (approximately 3 metres per second} diuei 10
minutes before 06:00 GMT. The average wind direction was recorded as 280 degrees measured from
true north (this is the direction from which the wind was blowing). At Luton there was a light wind
west to east. Further south there was no wind.

I.ILL.VVulnerabilities of main assets and capabilities

The three companies, HOSL Ltd, BPA and BP Oil Ltd, together had consent to store in the region of
194,000 tonnes of liquid fuels at the depot. The depot received, stored and distributed large
quantities of fuelsand the main vulnerabilities were therefore based around these operations.

The close proximity of businesses and housing to the depot increased their vulnerability to any major
hazards that existed on the site. Since 1968, when the terminal was buite thes been general
encroachment and development of adjacent land. This can be seen on the nfaguie29. The
majority of this building development took place during the period from the-h880s to the early
1980s, comprising the construction or redevelopment of residential properties and a number of
schools and industrial premises to the west of the site, all of which fell within a 3 km radius as shown
on the map. Between 1990 and 2006, a few additional indaighremises were built around the site.
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Figure 29 Developments within 3 km of the Buncefield site between 1966 and 2005
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[.ILII EVENT DESCRIPTION

[.1.II.I Main scenario

The overfilling of an unleaded petrol storage tank resulted in a largegeleafuel and creation of
flammable vapour which, on meeting an ignition source, resulted in a massive vapour cloud
explosion followed by severe mutank fires.

LIL1L1I The explosion event

From analysis of seismic records, the British Geological Survey (BG&)lhdated that the main
explosion occurred at 06.01:32. Eyewitness accounts and media reports refer to a very large
explosion followed by a number of lesser ones. The lesser explosions were not detected seismically,
confirming that they were significalyt smaller than the main explosion. It is not possible to say how
many smaller explosions occurred, or much about their timings, because of the lack of seismic record
data. A delay of some minutes between the main and subsequent explosions suggesttethededt

more likely to be due to internal tank explosions or further release of fuel from damaged tanks and
pipework, rather than further explosions of parts of the original vapour cloud.

LILILII Ignition sources for the main explosion

The fire pump house, locadeon the east side of the lagoon on the HOSL West site, had Hsaledt

door blown open, and the top half of its righand door folded outwards, providing possible
evidence of an explosion from within the pump house. It is believed that the pumps \hauig
started when the emergency fire alarm was activated just before the main explosion. There is also
evidence of an internal explosion in the emergency generator cabin located on the south side of the
Northgate Building. It is understood that there weateermostatically controlled heaters in the cabin

and the air intakes for the diesel generator would have allowed vapour to enter the cabin. If the
heaters were switched on, the spark generated at any electrical contacts would have been capable of
ignitinga surrounding flammable atmosphere. The venting of an internal explosion within either the
pump house or the generator cabin would have been a very powerful ignition source. A number of
witnesses describe how their cars began to run erratically, and agines are another potential
ignition source.

L.ILILIV Development and magnitude of the explosion

Estimates have been made of the overpressures required to cause the observed d&igage30),

based on published data fromvartime bomb damage and bomb testing. Due to the very different
characteristics of a blast wave produced by a vapour cloud explosion, there is considerable
uncertainty in the estimated overpressures, and work has been ongoing to resolve these
uncertainties Subject to these uncertainties, the current best estimates of the overpressures are of
the order of 70@1000 mbar in the Northgate and Fuji car parks, leading to extensive damage to
adjacent buildings, decaying t@ 0 mbar at 2 km distance, causing bkage of some windows in

local homes and premises. From a purely qualitative assessment of the damage, it is clear that the
highest overpressures were generated in the area of the Northgate and Fuji car parks.
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Figure 30 Map of the area around the Buncefield site showing approximate ovepressure isobars.

[.11.11.V Description of Industrial Process, Substances and Materials Involved

¢KS . dzyOSTASEtR RSLIRGQ& LzN1}R2asS ¢l a (G2 aGd2NB I yR
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heating and other fuels. The substance involved in the primary explosion was unleaded petrol and
petrol vapour, released from storage tank 912 as it was being deedrfirank 912 was receiving fuel

down the T/K pipeline, under the control of the British Pipeline Agency Limited (BPA Ltd.) who were
present on the Buncefield depot site with HOSL.
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[.I1.11.V1 Short Description oAccidentand Circumstances

From around 18:50 on Satlay 10 December 2005 a delivery of unleaded petrol was being pumped
R2gy (GKS ¢xkY LALISEAYS FTNRY [/ 2NRG2Y hAt WSTFAYSN.
automatic tank gauging (ATG) system which records and displays the level in the tanks pad stop
indicating any rise in tank 912 fuel level from around 03:00 on Sunday 11 December. At about 05:40
on Sunday morning, tank 912 started to overflow from the top of the tank. The safety systems that
were designed to shut off the supply of petrol to preveoverfilling, failed to operate. Petrol
cascaded down the side of the tank, collecting in bund A. As overfilling continued, the vapour cloud
formed by the mixture of petrol and air flowed over the bund wall, dispersed and flowed west, off
the site and tevards the Maylands Industrial Estate. Up to 190 tonnes of petrol escaped from the
tank, about 10% of which turned to vapour that mixed with the cold air eventually reaching
concentrations capable of supporting combustion. The release of fuel and vapmnsislered to be

the initiating event for the explosion and subsequent fire.

At 06:01 on Sunday 11 December 2005, the first of a series of explosions took place. The main
explosion was massive and appears to have been centred on the Maylands Estateksgngtavest

of the HOSL West site. These explosions caused a huge fire which engulfed more than 20 large
storage tanks over a large part of the Buncefield depot. The fire burned for five days and a plume of

black smoke from the burning fuel rose high ithe atmosphere.

LILIL.VII Timeline of Events
10 December 2005, around 18.50

Tank 912 in Bund A at the Hertfordshire Oil Storage Limited West site started receiving unleaded
motor fuel from the T/K pipeline, pumping at about 550 m3/hour.

11 December 2005, around (I (midnight)

The terminal was closed to tankers and a stock check of products was carried out. When this was
completed at around 01.30, no abnormalities were reported.

Approximately 03.00

The level gauge for Tank 912 recorded an unchanging, static teekriading. However, filling of
Tank 912 continued at a rate of around 550 m3/hour.

Approximately 05.20

Calculations show that around this time Tank 912 would have been completely full and starting to
overflow. Evidence suggests that a sensor device tieartop of the tank which should have
provided protection against overfilling by shutting off the supply of petrol to the tank, did not
operate. From this time onwards, continued pumping caused fuel to cascade down the side of the
tank and to shower throug the air when hitting flanges on the side of the tank, leading to the rapid
formation of a rich fuel/air mixture that collected in Bund A.

At 05.38

Vapour from the escaping fuel is first visible in CCTV footage from a camera looking down the
western edgeof Bund A. The vapour was flowing out of the northwest corner of Bund A towards the
west.

At around 05.46

The vapour cloud had thickened to a depth of about 2 m and was flowing out of Bund A in all
directions.
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Around 05.50

The vapour cloud had started ¥ling off site near the junction of Cherry Tree Lane and Buncefield
Lane, following the ground topography. It spread west into Northgate House and Fuji car parks and
towards Catherine House.

Between 05.50 and 06.00

The pumping rate down the T/K pipeline iertfordshire Oil Storage Limited West, and onwards to
Tank 912, gradually rose to around 890 m3/hour.

The vapour cloud extended:

Westc¢ almost as far as Boundary Way in the gaps between i{8e18, Northgate and Fuji buildings;
North ¢ west- as far as theearest corner of Catherine House;

North ¢ probably as far as Tank 12, operated by BPS Ltd;

Southg probably across parts of the HOSL site, but not as far as the tanker filling gantry;

Eastc as far as the BPA Ltd. site.

Around 06.01

The first explosion acurred, followed by further explosions and a large fire that engulfed over 20
large storage tanks. The main explosion event appears to have been centred on the car parks
between the HOSL West site and the Fuji and Northgate buildings.

06.08

An emergencyervices majolaccidentwas declared and operational command and control was set
up near theaccidentsite within minutes. An extensive plume of smoke from the burning fuel
dispersed over southern England and beyond. The plume could be seen from manytrieitoaveay,
and was also clearly identified in satellite images.

12 December 200§ 12:00 (Noon)

Peak of the fire. 25 Hertfordshire pumps were on site with 20 support vehicles and 1-8igtiiess.

There was some loss of secondary containment, as the burede unable to fully contain the

escaped fuel and water used in fifekA AKGA Y3 61y26Yy a WFANBSEF ISNRO X
over the top of) the bund walls.

14 December 2005

Damage to bunds caused by the intense heat of the fire caused sigmificss of secondary
containment on the HOSL West and BPA Ltd. sites. There was also extensive loss of tertiary
containment at the site boundaries and large amounts of contaminated liquids escaped off site. The
fire service recovered as much of the coniaated run off as possible, but was unable to prevent
contamination of groundwater and surface water.

15 December 2005
WCANBE Fff 2dz2iQ RSOfFINBR 08& (KS CANB {SNBWAOS® 71y
gl GSNJ 6po YAt millichyecyddXwére ys€ oVesslRo aargain thecidentduring the
period of firefighting operations.

LILIII CAUSES AND CONSEQUENCES

LILIILI Initiating Event and Direct Causes (Technical Failure, Human In/Actions)

Evidence shows that the explosion resulted from ibaition of a vapour cloud emanating from
spilled petroleum by overfilling a storage tank in the Hertfordshire Oil Storage Limited West site. The
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overfill appears to have been caused by a number of technical failures and human actions or
inactions. A leviegauge inside tank 912 stopped reading the fuel level. The computer system that is
connected to the tank gauge and used to monitor the tank level in the control room therefore
probably did not correctly display the tank level or produce the expected alammesponse to tank
levels. Operators within the control room were not aware of the situation. A detector at the top of
the tank which was designed to automatically shut off the filling process and sound an alarm, failed
to function.

LILIILII Root causes: failuein ERMF (Emerging Risk Management Framework)

Technical, Technological

The Buncefield Major Incident Investigation Board (MIIB) report ofat@dentdescribe failure of

the automatic tank gauging system (ATG) and failure of the tank ultimate higheleegbency shut

down switch to operate. Both these technical elements of the system were in widespread use within

the tank farm sector, yet failed to work properly on the night of thecident The MIIB report
describes the need to establish an acceptableel of reliability for the systems used in tank farms,

and a need to have a methodology to determine the reliability level of existing and planned tank
FINY aeadSvyaod ¢KS NBtAFoAtAGE 2F || aeadaSwe Oly o°¢
probability of it not working when it needs to. The measure of reliability of a system can be stated as
Ada W{IFSGe LyadSaNanide [S@StQ O6{L[0O® ¢KS NBLRNI
sufficiently reliable, and the detector at thegaf the tank, which should have automatically shut off

the filling process, probably failed because it had been left in an inoperable state after a testing
procedure had been carried out some time prior to the accident. The detector design relied on a
padock being in place in order for it to function properly, but the padlock was not in place on the
night of theaccident The MIIB report recommends that the industry look for more reliable means of

tank gauging and higlevel detection.

There was a lack gias monitoring systems on the site, which could have alerted the operators to the
fuel leaking from tank 912. The HOSL site had CCTV installed in the control room, allowing operators
to monitor areas of the tank farm, and the flammable vapour from tark @4s visible on CCTV tape
records, but the CCTV system was not a reliable means of detecting dangerous vapours.

The design of tank 912 itself may have contributed to the extensive formation of highly flammable
vapour/mist. The tank was fitted with a deflr plate around the top edge, designed to direct water

FNRY A&ALINAY(1fSNR 2y GKS dGry1Qa (2L G2 Ada &aaARS
demonstrated that the deflector plate would have caused the overflowing fuel to cascade through

the air, promoting the formation of flammable vapours. Additionally, tests showed that a wind girder

part way down the side of the tank would have created a second cascade of fuel and further
increased vaporisation of fuel. These effects are illustratdelgnre31. As the volume of the mixture

grew from the continuing overfilling of the tank, it flowed out of the bund around the tank,
dispersing and flowing off site. Further mixing with the air would have reduced the wapou
concentration to the point where significant volumes of the mixture could support an explosion.
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Fuel spills over deflector plate ullage ventilation hole

Fuel is diverted toward the T?L

tank wall by deflector plate

Droplet fragmentation enhanced
by intersection of liquid
and vapour sprays

Air loaded with fuel vapour driven
rapidly downward by liquid spray

Increased surface area allows
volatile fractions to evaporate
and vapour gathers in bund

Liquid fuel
gathers in bund

bund wall

Figure 31 The pattern of fuel dispersion

Human & Management factors

Human and organizational factors are recognised as major bomdris to accidents, and therefore
recognising and dealing with them contributes to the safe operation of a major hazard site such as a
fuel storage depot. Prior to thaccident a number of human and organizational factors existed
within the operations ofthe HOSL Buncefield site which had either not been recognised or dealt
with. Some of the factors identified in the MIIB reports include:

Shifwork issueg, fatigue of operators due to overtime and shift design;

Maintenance management, to achieve reliableproof testing of critical systems in the tank farm
operations, with effective standardised procedures;

Operator control¢ tank farms receiving fuel should have ultimate control over the delivery into their
tanks;
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Communications¢ the system for deliverinduel safely around the country depends on good
communications between those responsible for delivery and those responsible for receiving the
delivered batches, to ensure sites receiving fuel are able to accept deliveries safely;

Identification and understading of critical tasks and roleg tasks and roles that will ensure safe
transfer of fuel need to be understood and defined, so that control room operators can be properly
trained to be able to reliably detect, diagnose and respond to poteatieldens;

Information and system interfaceg these need to be designed to support operators in achieving a
suitable level of performance in detecting, diagnosing and responding to potentialens;

Training, experience and competengga competence assurancestgm needs to be in place to
ensure competency and performance reliability on critical tasks;

Workload ¢ jobs and tasks need to be properly understood so that front line staff are not dealing
with too many critical tasks at once, either during normal rugni abnormal situations or
emergencies;

Contractors- LINB lj dzl f AFAOF A2y FdzZRAGAY 3 YR 2LISNIGA2YI
supply, support and maintain high SIL equipmenibe contracted suppliers and maintainers of the
tank gauging systesnat HOSL may not have been performing to a sufficient standard,;

Management of change changes to equipment, staff roles, shift designs, procedures, staff changes
and organisational restructuring need to be managed to prevent such changes having any
detrimental effects on the safety performance of the tank farm operations (all these issues may have
been underlying latent contributors to the poor safety performance at the HOSL tank farm).

Governance, Communication

There was a lack of a formal methodology fiedustry to determine safety integrity levels required
for overfill protection systems at depots that store and transfer petroleum products on a large scale.

Policies, Requlations, Standards

At Buncefield and similar sites, the risk assessments cartietboland use planning considered the
worst credible scenario to be a major liquid fuel pool fire. Thus, zone boundaries did not take into
account the type of explosion that occurred at Buncefield, or only expected such an explosion where
vapour might fom in confined areas.

The COMAH regulatory framework needed to be reviewed and updated, but these changes had been
previously inhibited for resource and other related reasons.

LILILII Specific risk governance activities: failures in IRGC (International Risk Govamnce
Council) risk governance framework

Pre assessment

The worst credible scenario for this site was thought to be a major liquid fuel pool fire and not the
vapour cloud explosion that actually occurred.

Risk appraisal

On the basis of current scientific derstanding of the way in which VCEs occur, the potential for a
VCE at a site like Buncefield would have been limited to those parts of the facility that provided
sufficient confinement or congestion to generate a VCE, such as the tanker loading ragkiiggvio
relatively small hazard ranges.

The magnitude of the overpressures generated in the open areas of the Northgate and Fuiji car parks
was not consistent with current understanding of vapour cloud explosions at the time of the
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accident For examplea method in current usage would predict overpressures in this sort of
environment of 2@50 mbar. The ignition of the vapour cloud and the explosion propagation in the
relatively uncongested environment of the adjacent car parks that caused significatressures

and produced the severe damage to property were unexpected and the reasons for it were not
understood after theaccident

Tolerability and acceptability judgement

The VCE that occurred in Buncefield had an unexplainable and unexpected stesmjthe hazard
was expected to be much smaller and therefore judged as acceptable.

Risk management

The protection based assessment was based on other hazards such as large pool fires.

LILIILIV Consequences, damages, effects to system, people, environment, econsocieh
The following is taken directly from the text of the MIIB reports:

Nobody was killed in thaccident although 43 people suffered minor injuries. As well as destroying
large parts of the depot, there was widespread damage to surrounding propedydisruption to

local communities. Some houses closest to the depot were destroyed and others suffered severe
structural damage. Many residents had to move into temporary accommodation while repair work
was carried out, some for long periods. Other b in the area, as far as 5 miles (8 km) from the
depot, suffered lesser damage, such as broken windows, and damaged walls and ceilings. Many
residents affected by the blast faced difficulties as they tried to rebuild their lives following the
accident As well as damage to properties, many people lost personal possessions. Some people were
also greatly affected by the trauma and needed psychological help. There were, however, no serious
health effects reported among the public or the emergency responskevs from exposure to the
plume of smoke, which dispersed over southern England. The hot plume rose rapidly and spread out
over a deep inversion layer, which persisted under very stable weather conditions and this pattern
led to very low concentrationsfemoke at ground level. The absence of rain for the duration of the
fire meant there was no deposition of fire and combustion products either. Businesses on the
Maylands Industrial Estate were badly disrupted. At the time of the explosion the estatech688e
businesses and employed about 16,500 people. Some premises were destroyed and others required
significant repair work. A few companies went into liquidation. Some jobs had to be relocated, but
many of these were temporary. Some roads near the depatevclosed for several months, as they

had been made unsafe by tlaecident The East of England Development Agency estimated that the
accidentcost local businesses £70 million. Local councils and other agencies set up several initiatives
to help the receery of the area and the affected businesses.

Environmental pollution outside the Buncefield depot mainly affected nearby soil and water that was
contaminated by escaped fuel and firefighting foam and water. This contamination was mostly close
to the depotand did not affect drinking water supplies. The threat of pollution remains nonetheless
from products that have migrated into the ground water around Buncefield such as PFOS (from
firefighting foam), BTEX and MTBE (constituents of motor fuels).

Any polluants from the smoke plume were spread over a wide area and caused little damage to soll

FYR L Fyldad h@SNIffs GKS NBLER2NI O2yOf dzZRSR Wi KSN
impacts at ground level due to pollutants emitted from the Buncefleld NS &4 Qd® ¢KS f2aa 2
caused temporary disruption to fuel supplies in the southeast, thougtb&alk arrangements were

quickly put in place. Ground fuel supplies (for heating and for motor transport) were least disrupted.

The longest severe impaatas on Heathrow Airport, which had previously received half its daily fuel
ddzLILJX ASA FNRBY .dzyOSTFAStRe !'G GKS GAYS 27F 0O2VYLX
arrangements were at full stretch and work was in hand to create additional supgpdgita
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LILIILV Event management, emergency rescue measures, crisis management
The following is taken directly from the text of the MIIB reports:

The emergency services (primarily the Fire and Rescue Service and the police) led the initial response
to the accident and its immediate aftermath. As a Category 1 responder under the Civil
Contingencies Act, EA (Environment Agency) worked closely with the Fire and Rescue Service, the
police, the Health Protection Agency (HPA) and the Strategic Health Authority, inchaldisghg on

the water pollution aspects of the firefighting activities. HSE is a Category 2 responder, so during the
early phase of thaccidentstood ready to provide advice and expertise on request in support of the
emergency services and EA.

Hertfordstire Police cenrdinated the emergency response and worked closely with other responders
including the Hertfordshire Fire and Rescue Service, Hertfordshire County Council, Dacorum Borough
Council, EA and HPA. The police set up an exclusion zone arourig tlvbish remained in position

for several days. The Hertfordshire Fire and Rescue Service was supported by staff drafted in from
many other brigades and used equipment and foam brought in from around the country. Shortly
before Christmas the police werdla to hand back the security of the site to the depot operators

but the fire service retained a presence on site until the New Year as quantities of uncontained fuel
remained on site. At the peak of tleecident¢ on Monday lunchtime, 12 Decembetthere were 26
Hertfordshire pumps on site, 20 support vehicles and 180 firefighters. More than 250 000 litres of
foam concentrate were used, together with 25 million litres of water and 30 km of\roiime hose.

LILIILVI After the event, aftermath actions to restore,pair, depollute, compensate

Various operations were performed onsite in order to limit secondary pollution and facilitate site
access, patrticularly for the purpose of conducting the necessary research:

9 Fire extinction water and other polluted water thatud have been contained onsite was
discharged during the threeeek period following the accident and then stored on various
sites. The 12,000 m3 of the most polluted extinction water were treated by the reverse
osmosis process. The less polluted wate0@®, m3) was stored while awaiting an adapted
form of treatment;

1 The site was cleared to facilitate access. In February 2006, retention zone A, which includes
Tank 912, was made accessible for the first time. The presence of inflammable vapour was
subjectedto monitoring;

1 The southern part of the terminal, which sustained less damage, was renovated during the
month of August to enable discharging stored fuel supplies. The third company based onsite
undertook, in September 2006, transfer operations necess$arncontinuing with the tank
investigations. It is anticipated that site installations will be fully dismantled by the end of
2007,

1 The British Ministry of the Environment launched, as a first time initiative, a national
campaign of PFOS analysis in grovatr, with 150 measurement points already selected.
The Ministry is also working on producing a modeling software to predict the evolution of
pollutant flows in aquifers.

[.Il.IV Lessons Learned and Corrective Actions

LILIV.I Main Findings and official lessons

The formaion of a huge vapour cloud as a result of overfilling a tank, and the resulting risk of a
powerful blast with domino effects, was not considered a sufficiently credible scenario for the
purposes of land use planning, licensing or emergency planning.
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The design of the tank itself may have contributed to the vapour/mist formation.

The Competent Authority, should embark on a review of the purpose, specifications, capacity,
construction and maintenance of the tank park.

Advice shall be sought on the human andanizational factors that contribute to the safe operation

of a major hazard site such as a fuel storage depot. Such factors include, for example, job
organization, management of organizational change, monitoring and supervision, training and
control roomlayout.

It may prove necessary to consider additional standards for the overall layout of storage sites.
The system for delivering fuel safely around the country depends on good communications between
those responsible for delivery and those responsildlereceiving the delivered batches, to ensure
sites receiving fuel are able to accept deliveries safely. The adequacy of existing safety arrangements,
including communications, may also need to be reviewed.
L.ILIV.II Main official recommendations
The official invesgjation on this accident resulted in several recommendations regarding 3 main
aspects of this accident:

1. Design and operations of a fuel storage site

2. Emergency preparedness for response to and recovery from incidents

3. Land use planning and the control of &al risk around major hazard sites
Recommendations about the first of these aspects deal with:

I Technological matters, It emphasizes the need to increase the protection provided by
primary, secondary and tertiary containment systems and their management;

Human and organizational factors;

Sector leadership and culture Essential to ensure that the benefits of the more detailed
recommendations are fully realized.

Recommendations about the second of aspects deal with:

1 Identification of all foreseeable majdrazardaccidens and associated emergency scenarios
by site operators and Competent Authority

I Plans and arrangements to contain a developing incident on site
1 Planning and implementing an emergency response by those concerned
1 Primary response to maj@ccdents
1 Recovery from a majaccidentwith Buncefieldlike consequences
Recommendations about the third of aspects deal with:
1 Granting hazardous substances consent
9 Incorporation of societal risk into land use planning decision making
1 Economic issues for tlmntinued celocation of major hazard sites with large communities
1

Needing to replace the simplified, generic approach to risk assessment currently used around
flammable storage sites with a sigpecific assessment of risks using QRA methods.
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L.ILIV.III Feedback ortorrective action implementation

A ministerial statement from Lord McKenzie of Luton, DWP Minister, was made to Parliament
b2@3SYOSNI MoK Hanny®d LY LI NIGAOdzZ FNJ Al Fyy2dzy0Sa
FYR [/ 2YLISGSyid ! dnitke2BNdcafi@dddvestigdionL Ehig gert provides detailed
information on the progress against the recommendations set out by the Board on design and
operation of fuel storage sites and emergency preparedness, response and recovery.

The Statement alsexplains that the Secretary of state for Communities and Local Government will
f SFIR O2yaARSNIGA2Yy 2F GKS . 2FNRQa NBLR2NI wSO2YY!
societal risk around major hazard sites and will respond substantively inotugec

L.ILIV.IV Diffusion of Information and Knowledge management

Several reports about the official investigation were carried out by the independent Major Incident
Investigation Board.

Also a website was created to provide a convenient and easily accessible wdch all those
involved and interested in this investigation can access the information
(www.Buncefieldinvestigation.co.yk
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I.III Explosion at Toulouse, France - 21st September 2001
[.III.I GENERAL DETAILS ORMENT AND SITE

I.IILI.I Accident and Industrial System Location

A terrible explosion of of§pecification ammonium nitrate occurred on 21st September 2001, in
Toulouse in France, in AZF, a chemical and fertilizer plant belonging to Grande Paroisse Company,
now Totalgroup (former TotalFinaEIf at the time of the accident).

[.ILLII Date and time

The explosion occurred on Friday at 10:17 ani,&fSeptember 2001.

It was 10 days after the 9/11 disaster.

LILLII Short description of industrial setting involved

The manufactured chemiaalin the plant were mainly ammonium nitrate, ammonium nitratesed
fertilisers and other chemicals including chlorinated compounds.

The explosion took place in a warehouse, located between process parts, storage and packaging
areas for AN (ammonium nitréto @ LG 61+ a dzaSR | a KLSOYER2 O HR& 2 yi(
6WR26y3INI RSRQ ! b0

¢KS DNIYyRS tIFINRPA&aAS O2YLIlyeqQa FIOG2NE A& aArddz 4
km from the centre of the city, on the left bank of the Garonne (Siggirel, next page).

It employed 470 people.

The factory produced fertilisers and a variety of chemical products. From natural gas, the factory
produced:

 ammonia (1150 tons/day)
1 nitric acid (820 t/d)
9 urea (1,200 t/d)
 ammonium nitrate
The production of ammonium nitrate consisted of
9 850 t/d of granules for fertilisers,

f nnn kR 2F 3ANIydzZ Sa F2NJ AYRAZAGNAIE dzaS oYl Ay
used in quarries and civil engineering)

9 nitrogenous solutions (1,000 t/d).

The factory also produced various other chemicals: melamine (70 t/d for the manufacture of resins),
formalin, chlorinated derivatives, adhesives, resins and hardeners.

The factory stored considerable amounts of hazardous substances, the maximum pewaiited
being:

 ammonia: a tank containing 5,000 t, a 1,000 t sphere in cryogenic form and 315 t stored
under pressure.

chlorine: 2 x 56 t tankers

ammonium nitrate: 15,000 t in bulk, 15,000 t in sacks and 1,200 t of hot solution.
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On the 21 of September, orthe Southern area of the site there were also 4 tankers of chlorine and
20 tankers of ammonia.

Figure 32 The AZF, Grande Paroisse (Total) plant

History of the chemical plants

In the 17th century, there was an explosives (blpokvder) factory on the ile de Tounis that was
then obliged to relocate after a series of accidental explosions (1781, 1816, 1840). In order for the
factory to carry on benefiting from the energy provided by the river, and at the same time moving it
away fom the growing city, it was relocated towards the South.

Between 1914 and 1918, the national explosives factory underwent an exceptional period of growth,
spreading along the left bank of the Garonne and swallowing up land as far as the Southern limit of
the Commune of Toulouse.

LY MpHunE GKS hbL! OhFFAOS bliaAz2ylf RS f WAYyRdzGN
created, as a result the production of nitrogenous fertilisers was separated from the explosives
department. The ONIA then became AREn CDF ChimAZF, SCGP and since 1991 Grande Paroisse

which now forms part of ATOCHEM and therefore part of the TOTAL FINA ELF Group.

SNPE was created by a law that was passed on 8th of March 1971, which transformed part of the
Explosives Department ana branch of the Ministry of Defence, into a national company. The
YIEydzZFlF OGdzNE 2F 3FdzyLI2oRSNI 2y (KS ¢2dzZ 2dzaS arAidsS
activities on the site have been directed toward chemicals. Tolochimie was set up in 1961, formed

part of the Rhéne Poulenc Group and, since 1996, has been incorporated within the SNPE Group.

LLIILLIV Context of event and system (General Environment Description, Topography weather
conditions)
The plant was settled on the border of the river Garonne, one ofiftiebiggest rivers in France.

On the side of the river the ground was flat and made of silt. The underground alluvia water was a
few meters under the plant (which can be seen in Figure 3, taken a few days after the explosion).

On the other side there wsaa hill of 50 to 100 meters high, which effected the overpressure
propagation.

At 10:17, 21st of September 2001, the atmospheric conditions were stable.
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[.IIl.1.V Area and stakes vulnerability to the system / event

The chemical plant settlement and urban developiie@ & | N2 dzy R G KSY KIFIR | 2y 3

plant settled at the beginning of the 20th century 3 km south from the center of Toulouse city but
was overwhelmed by the development of urban area in the fifties and sixties when the priority was
to build

flats and schools to follow the economical development of that period.
History of the Land Use Planning (LUP) at Toulouse near the plants

From 1914 to 2000, the Toulouse city population multiplied by faotdive and ten in the Toulouse
urban area (750 @D inhabitants in the urban area in 2000). In theventieth century an explosive
factory was built close to Toulouse and in 1840, it had a-amxfificardi zone. Three accidental
explosions later and due to the urban pressure, the factory was veshdwiceout of the inner city
and the latest move occurred at the beginning of the 20th centurft928, another aedificandi zone
was proposed but could not cope with the urban developmentl947, another LUP was approved
but not applied because of the developmt requirements. The urgency as to build flats,
universitiesand roads, se€igure33.

In 1976 a law for the authorisation or declaration of installations on industry was passed. Due to this
law and following theSevesco shock, the risk from the factory te tBnvironment and public health

was raised in the EU. In 1983, safety studies were started andvaslRpplied for and approved in
1989. The urban development was controlled (no new risk withew exposure bnew buildings or
activities, but no retroactive force) but the situation was understoodbeorisky. After the Sevesco I

Figure 33 The location of the AZF plant, the crater, the motorway and the city of Toulouse
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[.ILII EVENT DESCRIPTION

LILILI Main scenario and hazardous phenomena

The explosion produced a seismic wave that was estimated at 3.4 on the Richter scale, but no
analysis had been imted by the INERIS into this aspect for its investigation.

The explosion produced a crater of about 60 m in diameter and 7 m in depth.
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Figure 34 The AZF crater produced by the explosion

From the blast analysis carried out INHRIS, it has been deduced that the TNT equivalent required
to produce the damage observed would have to have been between 20 and 40 tons.

It should be kept in mind that this assessment corresponds to the arithmetic mean of the weight
values calculated fira the overpressures estimated respectively on the low side and on the topside.

Furthermore, it should be noticed that:
1 54% of the estimates are below 20 tons,
T whereas 24% of the estimates exceed 40 tons.

Statistical data showed the disparity in the estiembbtained for the TNT equivalent. The disparity
can be explained essentially by the difficulties in interpreting the damage observed within a very
short time.
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Figure 36 Overpressures estimates (high range)

The TotalFinaElf investigation commission listed several estimates of TNT equivalent by the following
different companies:

1 SNPE Environment estimated 165 tons with a range of2080 which were mostlypased on
window damage observed

91 Laboratoire de Géophysique estimated 10 to 100 tons using several methodologies with a
maximum of 200t.

I Technip estimated 125 tons by analysing the effects on the building structures
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1 TNO first estimated 3@0 tons but conluded with a range of 180t by analysing the effects
on the building structures

1 INERIS estimated 2t by using windows, building structure, roofs, walls etc.

The TotalFinaElf internal investigation commission stated the most relevant estimate to be405 t

tons of TNT equivalent because methodologies used by Technip and TNO seemed more accurate and
it confirmed the orders of magnitude found by INERIS. A few months later, the Justice mentioned an
estimate of 70 to 126 tons for the TNT equivalent mass (tiethodology is unknown to us).

LILILII Precise system, substances, process and materials involved in the accident Scenario
Ammonium Nitrate manufacturing

The synthesis of ammonium nitrate (NH4NO3) needs to be performed from two raw materials
ammonia (NH3) anditric acid (HNO3)through an exothermic reaction.

The hot AN aqueous solution obtained after this first step is concentrated before being cooled in a
prilling tower. By easy modifications of this synthesising and cooling process, several kinds of AN

based products can be obtained, each of them having their own use: the two moskmalin are as
FTSNIAEAASNI 60FffSR GFSNIAEAASNI ANI RSe AT al GAas
LINBLI NIF GA2ya o660k ff SR ath&salpydacOs diso BddlfortBetpioductianz NB 2 & €
of some special chemicals, e.g. N20. AN is a crystalline white hygroscopic solid and acts as an
oxidising agent. It has a high solubility in water and its molecular weight is 80 g/mol. Its melting point

is 169,6°C anitis boiling point is 210°C.

Hazards of Ammonium Nitrate

Pure AN is stable under normal handling and storage conditions. However, as the detonation
properties of AN were so poorly misunderstood before the 1950s, explosions of stored selid AN
bases product®ccurred. Since then there have been a reduced number of explosion accidents as
changes were made to the production process. The major explosion in Toulouse was a severe
reminder of the inherent hazards associated with the handling and storage of Alnpbeance of

an appropriate explosion risk assessment methodology for use in-UaadPlanning for the
production of AN is again highlighted.

The oftspecification Ammonium Nitrate storage
¢CKS YFGSNAFTfa ai2NBR Aspecificktiy aDS Y 12 NIWNRE 6§ BNNHIRBFR Q2 7
aimed to be recycled in Absed binary / ternary fertiliser process.

These materials that do not fulfil the requirements (undézed, downgraded, stattps and
shutdowns, return from customers, production tests as new adekf) from different process units of
the site (fertiliser and technical grade), did not have clear defined properties.

Dirty products may come from the cleaning of these units.

CKS Ay@SaidtAaardirzya 2F LbowL{ f SHLIBDAFADAYIRR ya i
the day before the explosion and were able to retrace the entries before the morning *bf 21
September 2001.

LILILIT Short description ofccidentand circumstances

The building 221 was adjacent to the sdiding building, 123, 124 and25, where combustible
products were stored. This group of buildings was not fitted with a fire detection system. Work to
bring the infrastructure of the building up to the required level had been undertaken over the last
few years.
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Building 221 and 222idl not have any nitrogen oxide detectors and in a note dat8dléne 2001

about the retention of water for fire fighting sent by Grande Paroisse to the DRIRE (pursuant to the
authorisation order dated 18th

hOG206SNJ Hnnno AdG ¢l a INBOSRSYHARENG GEKS KSBERIYAS
would help to reduce the time taken to raise the alarm and consequently the time taken to put any
FTANBA 2dzi I'yR GKS FY2dzyida 2F 41 GSN) dzaSR (2 R2 az
facilities onthe site. This situation was consistent with the fact that whilst the risk from fire was
contemplated on this type of storage facility, the risk of explosion was considered by the operator to

be negligible.

The running of building 221 and 222 was supeRised 8 DNJ YRS t I NPAadaSQa RAAI
sub-contracted to outside firms. Handling operations in this building were carried out by personnel

from a subcontracting company called TMG who also carried out the handling of nitrates in sacks
and on pallés.

The warehouse 221 had no gas supply, no steam pipes and only natural light.

[.ILILIV Timeline of events

One of the key issues was the nature of the product which was put on top of the AN storage hours
before the explosion at 10h17 am.

The day before the explasi, 15 to 20 t of ammonium nitrate containing an additive that had been
manufactured and was at the qualification stage were brought into this building.

On the morning of the explosion, products resulting from the packing of ammonium nitrate and from
the manufacturing workshops were brought into this room.

The last product having been brought in less than half an hour before the explosion was a skip
coming from another storage area. A Grande Paroisse employee had left théllsaglbuilding 5
minutes bebre and had not noticed anything out of the ordinary. Investigations about the nature of
the products stored were then conducted within the Judicial inquiry.

No one was in the storage warehouse at the time of the explosion.
LI CAUSES AND CONSEQUENCES

LILILI Initiati ng event and direct causes (technical failure, direct human actions)

Several years after the accident, the controversy about the direct causes is still there. The origins of
0KS I OOARSY(d KI@SyQl F2dzyR €Sid Fy FANBSYSyd Y2y

At the writing of this case report for the INTIRESK, the trial is being held and the conclusions are
not known yet.

The controversial key element is to find the ignition source of thespdfcification AN stored.

Investigations showed the origin was iter a fire nor a first explosion followed by the mass
explosion. Investigations of the Justice have therefore focused on reviewing the role of
contamination in AN decomposition, and in particular on the chemical incompatibility. Indeed, some
chlorinated compounds for swimming pools were manufactured on the southern part of the site.
Those materials were supposedly not to have ever been mixed.

¢KS WdzaGdAO0SQa YIAY FaadzYLliAzy F20dzaSa 2y | NE |
dichloroisocyanurate) or ABnd ATCC (trichloroisocyanurate acid) that is strongly incompatible and

releases trichloramine NCI3, that is very sensitive and has explosives properties. This material could
have been brought in by error some minutes before the explosion.
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The other scendos were numerous and where mentioned in the press by the Justice or from other
sources: among them:
1 ! KdzZ3$S dzy RSNENBdzyR St SOGNRO I ND 086688y | N
{GFrGS0 YR 95CQa St SOGNRO tAYySO
1 Anunidentified gas leak comitigat would have contaminated the storage of-sffiec AN,

9 Other assumptions such as terrorism act, malicious intent or meteorite fall have been
investigated as well, but have not appeared relevant so far.

L.IL11L1I Root causes: Failures in ERMF (Emerging Risk Managgriramework)
Comment on investigation and trial: disclaimer on root causes

Several investigations launched by several stakeholders, a public investigation, a national debate and
a parliamentary enquiry were launched (see list of references below) thabled the risk
management system and several stakeholders to identify numerous probable risk factors and generic
lessons to be learnt.

Final Root causes are still under investigation in connection with the outcome of the trial. But, among
root causes, somaleficiencies are already identified. Some of the main ones are listed here.
However as the direct causes of the disaster are not yet established, these root causes should be
taken with caution.

Technical, technological

AN Fertiliser grade and moreover tatcal AN grade are not inherently safe towards the explosion
risk. For economical reasons, those fertilizers have kept an efficient dose of fertilizing capacity,
meaning a sufficient ratio of Nitrogen. This implies that they kept a latent risk of explidsiey are

mixed with some chemicals and combustibles such as fuel. Despite a good knowledge and experience
of some of the pure AN properties, there are still a lot of unknown properties, in particular for
fertilizer grades, with the interactions and rsstivity towards impurities, pollutants, and
combustibles. The certification test of AN has probably decreased the explosion risk perception.
Despite recognizing that the off spec AN had greater sensitivity, research was not undertaken.

Management

Anotherprobable root cause was the subcontracting of some activities with a loss of risk knowledge
and control. It was the beginning of the implementation of Safety Management System (the Seveso Il
regulation transposition was made 1 year before) that was notetlgped enough, formalised or
implemented.

Governance, Communication

Several root causes were acknowledged such as the lack of geeerihance tools (communication
and participation of other stakeholders than industry, State and expertsgatability citeria
unclear).It was pointed that the lack of governance inside the hazardous sil, the lack of
process safetpversight by internal workers of the Health and Safety Conemitvere not mandated
on processafety (major hazard) issues, and mosbigusing on health and safety at workplace.

It was noticed that there was a lack of control and lack of ingpaestfrom the inspectors of the
control authorities (means that there were a number of inspectors but a lack of expertise).

Policies, RegulatiorStandards

A root cause was the lack of Seveso Il regulatory oversight espefification AN. Only AN that
complies with quality and safety norms were considered by the eggul. Some AN technical grade,
used for explosives and some others were solfeaslizer grade, withat the time, a low probability

risk of explosion. The position of the industry for risk assessmesafety studies was to evaluate
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the fire risk scenario. Lessons from historical explosions invoMMgnaterials were considered in
the design of the materials specification, preventive measures and regulations.

The Seveso Directives also had some more general limits iristh@gsessment, risk management
and risk control issues. The risk zero faith was down and the belief in thekgiven with veso Il
Directives implementation was lost after Enschede, Toulous# @ow Buncefield. A Seveso Il
Directive is under preparation.

Another root cause was the LUP process, which was inadequateagshddretroactive force. It led
to a hgh exposure of several stakes (houses, schools, compatoess, infrastructures) in theafety
perimeters around the plants. The LUP was edited too later ahe suburbs of Toulouse had
surrounded the plants.

LILILIT Specific risk governance activities: failures in IRGC (International Risk Governance
Council) risk governance framework

The failures are numerous. The focus is here given on failures or findings on the issues relevant to
task C1.4 of the INTHRASK.

Pre assessment

At first the explosion scenario tfie storage of oflspecification AN was not considered in the safety
studies nor in the LUP safety perimeters. Indeed, at that time, the position of the industry for risk
assessment in safety studies was to evaluate the fire risk scenario (in an insaf&ty guidelines).

Due to the consideration of lessons learnt from previous explosions, the risk of explosion was
thought to be low. However, the Seveso Il regulation and other regulations did not consider the
LI- NI A Odzf -aNDISNG AT A QI Todap2yEde rdaterials, vith badly defined properties, but
higher risks than fertiliser AN that comply with norms, are considered to have a risk level similar to
technical grades of AN.

Secondly, at a more general level, the outcome of the risk assesspreness through the
Administrative and parliamentary inquiry showed that a deterministic approach and more detailed
probabilities needed to be included into the risk management process. It insisted on the need of
assessing scenarios with a consideratiéra ossible failure of the safety devices (the deterministic

I LILINBF OK AY CNIyOSO® Ly 20KSNJ g2NRasx aNBFHf al S,
also in line with practices in other countries and industries such as nuclear or trartgpurta

Risk appraisal

Concepts of defence in depth, safety barriers, likelihood, scenario, methodologies of risk assessment
(HAZOP, fault trees) and safety management systems are widely used today. For the probabilities, it
was explicitly mentioned to learfrom Dutch and English practices and to seek harmonisation
throughout EU.

ly20KSNI AYLERNIIyYy(d fSaaz2y A& (GKIG &aiGKS SELX 28A2Y
storage container of toxic gases had been damaged or if a chlorine or ammonia wagolosesgo
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themselves. A domino effect did not occur but could have and véasin 02y AA RSNBR T2 NJ
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the safety studies or LUP. In the end, the accident showed the incompatibility between the
hazardous activities and the vidinof the urban area.

Tolerability and acceptability judgement

In 2001, for different ammonium nitrate manufacturing sites, different ranges of safety distances
regarding lethal or irreversible effects existed that varied with one order of magnitude. Wy
mostly based on ammonia release scenarios. This experience of the Toulouse disaster was used by
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the Administrative and Parliamentary inquiry to ask for a methodology review of the safety studies in
France. There is a need for a better quality andhi@risation of safety studies of any site. E.g., It
was recommended to the Environment Ministry to define the rules on the scenarios to assess
(storage, wagon, trucks, piping system), the external interference (natural hazards like earthquakes,
centennial fooding, domino effects, dam rupture, airplane crashes and malicious intent) and to
define criteria for effects on people.

It was also found also that the inspectors had to do traffs (between scenarios, LUP and
acceptability), which they were not supged to do.

Risk management

The subcontracting of some activities, in particular activities linked to process safety and major
hazard, were lacking oversight. This transfer of activities to external contractors was found to
generate a loss of risk knowledgad control.

It was the beginning of the implementation of Safety Management System (the Seveso Il regulation
transposition was made 1 year before) that was not developed, formalised or implemented.

In addition, it was noticed that there was a lack of gmance on these hazardous sites and a lack of
process safety oversight by internal workers of the Health and Safety Committee, which was not
mandated on process safety (major hazard) issues. This could have improved debates about risk
management activitis.

Consequences, damages, effects to system, people, environment, economical, social

Due to the vicinity of the plant within a 750 000 inhabitants city in 2001, the effects to people and
the damages were very large and evolved from a major accident teastdt:

1 The explosion caused 30 fatalities, 21 in the plant and 9 outside (note that according to some
newspapers the figures were higher)

I Estimates from the InVS and the local committee for the sanitary watch indicated 3 years
after the explosion, that 1@00 people were wounded (body) and roughly 14 000 people
have asked for medical treatment for post traumatic acute stress in the months after the
explosion.

The damages were very large, for instance 27 000 houses were damaged.
The total cost of damages térated by insurers was between 1500 million euros to 2500
million euros.

L1111V Event management and chronology, emergency rescue measures, Crisis management

In the following days of the 21st of September, 1570 firemen and militaries, 950 policemen were
involvedin the emergency response and housing monitoring.

Twelve hours after the explosion, there were 300 vehicles and 900 firemen.

The problem was that they arrived without any plan or discussion by phone, as the classical phone
lines were partly destroyed anthe mobile phone network was saturated. In those kinds of
situations, the experience of forest fires should help to organise the arrival of little groups of
vehicles.

The state emergency plan was however efficient.

The internal and external emergency plansre not prepared for this scenario and its severity.
Indeed, the explosion scenario was not considered. Scenarios of toxic releases of phosgene, chlorine
and ammonia have been used to design the emergency plan for the 3 main plants of the chemical
platform.
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much use. The previous training helped the firemen and others to have good judgement.

However, the first firemen were not protected with adequate PPEafor toxic clouds and were not
equipped with any devices to detect these toxic gases.

To get information to the public was a problem as the warning buzzer was not working and the
radios were out. Also the instructions given to stay inside their housegaltiee toxic cloud made

no sense with broken windows. The communication network should be designed to have a separate
network for crisis management.

LIILIILY After the event, aftermath actions to restore, repair,-gellution, compensate

According to the FédératioB NI y el A4S RSa {20ASiS&a RQ! dadzN> yOS=s
business activities) were notified to insurers, 10 % of whom were companies that counts for 90 % of

the compensation payments.

Approximately 30 000 dwellings and 5 000 vehicles were dathag

According to the insurers for TotalFinaElf company, the company Equad, six months after the event,
had treated 70% of the 20 000 notifications made by other insurers. There was still 60 000 cases to
analyse.

One year after, the insurers had compensate®l 000 cases with 25 000 without any expertise (if
damages were under 1500 euros).

4 000 cases of injured people have been registered after the first year.
Some class actions are running at the time for better compensation of injuries.

Notice that in thiscase, TotalFinaEIlf accepted (and was able) to compensate damages before the
trial.

[.ILIV LESSONS LEARNED AND CORRECTIVE ACTIONS

L.IILIV.I Main Findings and official lessorgsgeneral and ERMF, IRGC classification

A major lesson was the lack of Seveso Il regulatory gleren offspecification AN. The regulation
was updated with new categories on @ffecification AN.

The Seveso Directives also had some limitations. The risk zero faith was down and the belief in the
control given with Seveso Il Directives implementatioas lost after Enschede, Toulouse and now
Buncefield. A Seveso Il Directive is therefore under preparation.

The LUP procedures have been initiated too late and had little or no retroactive force. As a
consequence, typical higfisk situations of the 20tleentury of industries and urban areas could not

be reduced. LUP procedures were constrained by this situation. The chosen scenarios and safety
perimeters for LUP and emergency perimeters were too small compared to the hazardous potential
or worst cases. ®y reflected the pressure of the urban area.

Indeed, one of the main conclusions is that controlling major accident hazards by reducing the risk
on-site is not sufficient enough to promote a sustainable development for both industry and urban
areas withoutLand Use Planning in the next decades. This conclusion was shared by the European
Parliament, which has asked for regulation and policy changes within EU member states.

Other main lessons were drawn upon governance tools (communication and participation o
stakeholders other than industry, State and experts and acceptability criteria unclear), safety
oversight by internal workers of the Health and Safety Committee and external inspectors from the
control authorities.
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Another lesson was the subcontracting some activities resulted in a loss of risk knowledge and
control.
LIIL1V.11 Main official recommendations z general and ERMF, IRGC classification
The main recommendations were:
to update French and Seveso Il regulation, abouspécification AN
to update Seves|l Directive (Seveso lll),

9 to change risk assessment procedures, to keep deterministic approach insights but integrate
probabilities,

I to harmonise risk assessment and safety study procedures and control, between sites,
hazardous goods, fixed plants anetlveen chemical and pyrotechnic plants

to review LUP procedures,
to review public information and consultation procedures for LUP,

to integrate employees in decisienaking processes and review processes of safety
management,

9 to control subcontracting anohterim work with regard to hazardous activities,
1 to improve compensation of victims,
i toincrease the control authorities means : number of inspectors, expertise

i toincrease budget for thirgharty expertise such as INERIS, IRSN.

LILIV.III Feedback on corrective acth implementation- general and ERMF, IRGC classification

The findings, the lessons and the proposal for new prevention measures, were used by the French
Authorities to implement a new law issued the 30th of July 2003. The Decrees and methodological
toolscame later after 2005.

Some lessons were implemented also at the European Union level within Seveso Il Directive (in
particular offspecification AN were not covered by regulations such as fertiliser and technical grade
that stick to some standards and mos). The updating of the Seveso Il Directive was adopted in view
of classifying two new categories: "a&fpec." materials (unclassified AN), taking into account one of
the lessons of Toulouse's explosion and AN based composite fertiliser because ofosidenss in

EU with selsustaining decomposition.

The new French law 20889, focuses on several key points to prevent major accidents on Seveso |l
sites (high threshold):

1 Improving regulation by information and governance principles: law measures tbleena
involvement in the decision making process of public, employees and subcontractors,

1 Defining new land use planning rules that deal in particular with potential hazardous
situations: in addition to restrictions for future construction, it introducesroattivity
principle and defines 3 safety perimeters around sites (area where buildings would be
expropriated, areas where owners will be given to force the city to buy real estate, areas
where city as priority to buy when owners want to sell).

1 Improving inancial compensation for victims after major accidents

1 Harmonise regulation requirements in the transport of hazardous goods and areas such as
ports and marshalling yards.
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The aim of these measures was therefore not to change Seveso Il Directive trahgpésance, but
rather to strengthen it on complementary dimensions of prevention layers or defence in depth
principles.

L.ILIV.IV Diffusion of Information and Knowledge managemergt general and ERMF, IRGC
classification

Several stakeholders prepared several report

As a reminder, five authorities carried out 5 separate inquiries with different perspectives:

1 ¢KS LyalLsSOGA2y DSYSNItS RS tQo9y@ANRYYySYSyi
technical investigations were led by INERIS) on 24th October 2001edrthgrthe French
Ministry of Environment, Yves Cochet,

The Labour Inspection (Labour Ministry) made an investigation (march 2002),
The TotalFinaElf Group also carried out an investigation and reported in march 2002,

The Police and Justice gave a prelimjrianess report on June 2002,

= = 4 -

The CHSCT (health, safety and working conditions committee) of the employees of the site
subcontracted an investigation to Cideemmnseil (June 2002)

Also parallel actions were launched by the authorities:

1 A Parliament Commisgs (Loos, Le Déaut et al) that led a large number of visits and
interviews at a national level issued a public report in February 2002,

1 The Environment Ministry organised a national debate on industrial safety after Toulouse,
led by Philippe Essig whoussl a public report (February 2002),

1 The Institut National de Veille Sanitaire (InVS) was mandated to conduct an epidemiological
survey and to monitor the health effects of the disaster (acute, and long term)
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[.IV Vapour Cloud Explosion at Newark, US - 7t January 1983
[.IV.I GENERAL DETAILS OF EVENT AND SITE

[.IV.l.I Accident Location

¢SEIF 02 O2YLI yeQa bSsI Nyl 6bSs WSNERSEsS !'{!0 &i2N} 3

[.IV.I.Il Date and time
7™ January 1983, About 00:10

I.IV.LIII Short description of industrial setting involved

The complex consisted of 26 storage tamés various petroleum products, including gasoline. In
addition, many flammable, pressurized gas storage tanks were in the area and other oil companies
also maintained storage facilities nearby.

The fuel handling depot also had various support structusesh as truck stations and building
housing supervisory personnel, gauge equipment and pump controls.

Located apart from the concentrated storage areas were three large covered floatingypeof
storage tanks constructed in the early 1960s, and numbered@able 27 as 67, 65 and 64. The
dimensions of these tanks, which at the time of the fire contained various grades of gasoline, are as
follows:

Table 27 Dimensions of tanks 67, 65 and 64 éhe Newark oil deposit

Tank No. Diameter (m) Height (m) Capacity (M)
67 24 15 6662

65 37 17 17034

64 57 17 41223

As shown inFigure 37, the tanks were spaced apart, 15 m between tanks 67 and 65 and 24 m
between tanks 65 and 64. This compares with the minimum spacing of 10 m and 23, respectively,
required in NFPA 30, Flammable and combustible Liquids Code by the U.S. National Fire Protection
Association, for these tanks.

These 3 tanks were contained in a sindiked area in the western corner of the yard, adjacent to
several railroad track spurs. The earthen and crustoett dike was irregular in shape, but the long
side was approximately 275 m and the height was approximately 2 m. The impoundment area could
hold approximately 45000 m3, thus containing the largest spill releasable from the largest tank (64),
as required by NFPA 30.

Each tank was equipped with a vertical riser intended for use with a portable foam pump/generator
that reportedly was stored on thpremises of the storage facility. In addition, the perimeter of the
diked area had private hydrants.

Underground pipelines were used to load and unload these tanks. Underground pipelines were used
to load and unload these tanks. Underground piping fropipeline company at a remote location in
Woodbridge, New Jersey, was used to supply gasoline to this storage area.
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One of the adjacent facilities is a metal drum refinishing plant, part of which utilized an incinerator to
burn off residues in the barrel§ he incinerator was fired continuously even when not in use for
energy saving reasons. A railway yard and tracks also ran alongside the western boundary.
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Figure 37 Texaco storage facility in Newark, New Jersey

I.IV.I.IVContext of event (gneral environment description, topography, weather conditions)

Analysis of the terrain showed that the tank was on slightly higher ground than the drum refinishing
operation. The vapours would be heavier than air; therefore they would have the tendert@ntp

low and travel towards lower levels. At midnight the wind speed was listed as negligible, although
prior to that it was listed as variable from the southeast at 5.6 km/h. These factors placed the
incinerator of the refinishing operation in the patf any drifting vapour cloud.

I.IV.I.VArea and stakes vulnerability to the system/event

The facility is located in the Doremus Avenue industrial plant, in a densely populated area. It borders
on other industrial facilities in the north and west. One of the adjadentlities is a metal drum
refinishing plant, part of which utilized an incinerator to burn off residues in the barrels. In the
south/southwest there is a railroad yard (100 m away from the tanks 64, 65 and 67) and tracks ran
alongside the western boundgion the Doremus Avenue. Furthermore it is 2.5 km away from-built

up area and 4 km away from Newark Liberty International Airport.

[.IV.II EVENT DESCRIPTION

[.IV.Il.I Main scenario and hazardous phenomena
What appeared to occur in this accident was a vapour cloud explésilomved by severe mukiank
fires.
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The blasts, especially the last (and largest) one, appeared to have had a great deal of force, in that a
remote and empty storage tank No. 9 (450 m away) was also damaged.

Other reported damage included flattened rai freight cars and destruction and fires at the drum
refinishing plant. At the truck terminal building, large tank trucks were tossed about, several
automobiles were incinerated, and numerous fires ignited in the general area. In addition, the impact
of the blast damaged several structures within surrounding industrial areas.

I.IV.IL.II Description of industrial process, substances and materials involved

Thestorage facility consists of a number of petroleum storage tanks which we use for the storage of
gasoline, N fuel oil, No 2 furnace oil and diesel fuel. This material is delivered into the terminal

primarily by pipeline or barge. It is stored temporarily in large tanks before shipment out in smaller
guantities to customers (usually by barge or tank truck).

[.IV.11.111 Shott description ofaccidentand circumstances

The seriousaccidentat the Texaco storage facility in Newark, on the morning of January 7, was
caused by the overfilling of a gasoline storage tank receiving a shipment via pipeline. Approximately
570 m3 spillednto the common dike enclosure and vapours drifted approximately 300 m to an
incinerator in an industrial facility which provided the source of ignition. A vapour cloud explosion
occurred, followed by severe muttnk fires. One person was killed, 24urgd and many millions of
dollars of property damage occurred.

L.IV.IL.IVTimeline of events
The following is a list of events immediately preceding the blast and subsequent fires.

A previous delivery of fuel oil receipt into the Newark facility ende@6a50 on Janary 6th.

Super unleaded gasoline was received via pipeline startif@#&0 on January 6thinto tank 67;
with a delivery of 6050 frscheduled.

This shipment had an expected completion time06f10 on January 7th 1983These figures are
based upon theestimate of the Colonial Pipeline Company

The transfer of super unleaded gasoline from tank 67 into tank 5 commence@.2( on January
6th. Texaco had scheduled a 4140 mmansfer to make room for the incoming shipment.
Approximately 2070 fwere actual transferred.

During the course of the evening, the truck loading rack at the facility was operational. The company
indicated that the last load was processed and completed$g0 on January 6th

The company indicated that clerical work was being pentt in the terminal office.

It was initially reported that a23.50 (January 6th)during a check of the pipeline receipt, the
terminal operation discovered that tank 67 was overflowing through its vents.

Subsequently, the time was changedstametime afte midnight.

¢tKS O2YLIl yeQa SYSNHSyOe& LINRPOSRdANBa 6SNB AYLI SYS)
notified by telephone call to stop delivery of product through the pipeline.

Evacuation of the site was then ordered.

Exact timings of the events inghnext few minutes appear somewhat jumbled, butsaime time
between 00.02 and 00.1€first calls to Newark Fire Department) a large explosion occurred,
followed by several sever tank fires.
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[.IV.III Causes and consequences

LIV.IILI Initiating event and direct causes (techical failure, direct human actions)
The human element appears to have played a key role in the cause atthient

The principal factor contributing to the fatality and destruction in this explosion and consequent fire
was the failure to check closetlge rising level of the gasoline being pumped into the storage tank.
This brought to an overfilling of tank and then to a subsequent vapour dispersion. Ignition of vapour
caused a vapour cloud explosion.

In fact the code NFPA 30 at that time in force regdithat a tank receiving transfer of Class | liquids
(eg. Gasoline) was either gauged at frequent intervals during transfer, equipped with high level
alarms to signal ownluty personnel, or equipped with high level alarm system to automatically shut
down a divert the flow. The system for monitoring the level of tanks in the Newark storage facility
was a completely manual one in consideration of first option above. Although the standard operating
procedures of the tank storage facility stipulated this kiofl gauging, no data was available
documenting gauging activities prior to thecident

In addition, some error was probably made in calculating available space and pumping rates.

L.IV.IIL.II Root causes: failures in ERMF (Emerging Risk Management Framework)
Technical technological

None of the tanks were equipped with automatic higlrel alarms, which could have alerted the
terminal operators to the overflow conditions. Local firefighting equipment was available (designed
to be used in conjunction with the Newark é-Department and Texaco personnel), but for a fire this
magnitude was useless.

Human, management

Prior to the notification of overfill, time and height readings were reportedly taken on tank 5 at
21.30, 22.30, 23.30 hours. No written proof of this exigtdurther investigation indicates that no
documentation of any testing can be found for the times and tanks involved imd¢hilentafter

17.00 hours, on January 6th. Company procedures call for the receiving lines to be physically checked
hourly for leals; as well as setting requirements for hourly testing of the depth and temperature of
the products in the tanks. No record of any of these organizational requirements exists. What little
written proof exists appears to be incomplete and quite slipshod ature. Moreover, Texaco
authorities indicated that it was not a standard procedure to record the communications, which
occur between the incoming and outgoing terminal operators at the change of shift. Therefore it is
not known exactly what was discussed the evening of January 6th 1983, between the men
charged with insuring the continuity of safe operations during the receipt and transfer of Super
Unleaded gasoline at Port Newark.

Governance, communication

OSHA (Occupational Safety and Health Administiatafter an investigation on the accident, issued

a serious safety citation to Texaco. The citation stated that employees of Texaco USA were exposed

to hazards associated with fire and explosion that resulted from the overfilling and consequent
overflow of a gasoline storage tank or tanks. The citation further stated that these hazards existed

for two reasons. First, the employer had failed to provide adequate supervision to ensure that the
2LISNF GAy3 LINPOSRdAz2NB&a | yR &l TOmdtindNRanual Lis® BeddNA 6 S R
followed during the receipt of gasoline at the terminal pipeline anglant transfer operations. And,

second, the employer had not provided a program for all employees involved in thesdiltank
operations to assure that theyere familiar with, and followed, the procedures for safe operations
outlined in the Operational Manual.
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Policies, regulations, standards

The absence of automatic high level alarm or shutoff for tanks at the Texaco storage facility was in
compliance withthe accepted practices of the National Fire Protection Association (NFPA). The
Flammable Liquid Code of the NFPA (standard 30) in force in 1983 specified a number of alternative
methods for guarding against the dangers of overflow. For instance, sectibrstdtes: tanks
receiving transfer of Class | liquids from mainline pipelines or marine vessels and located where
overfilling may endanger a place of habitation shall be either: (a) gauged at frequent intervals while
receiving transfer of product, and commications maintained with mainline pipeline or marine
personnel so that flow can be promptly shut down or diverted, or (b) equipped with an independent
high level alarm located where people are on duty during the transfer and can promptly arrange for
flow stoppage or diversion, or (c) equipped with an independent teglkl alarm system that will
automatically shut down or divert flow.

LIV.IILII Specific risk governance activities: failures in IRGC (International Risk Governance
Council) risk governance framework

Pre assessment

No information available. However the perception of risk was low among the personnel, this is
confirmed by personnel behaviour during shipping operations, and the management, which had
equipped the facility with a foam apparatus against firensidered useless for a fire of that
magnitude by Newark Fire Department.

Risk appraisal
No information available
Tolerability and acceptability judgement

At the moment ofthe accident the tanks of Newark were not equipped with automatic higbel
alarmsbut it was in compliance with the Code of the NFPA (standard 30) in force in 1983. Texaco
started installing such devices in 1978 but the Newark facility was not one of the first priorities, so at
that time it was still waiting for the installation.

Riskmanagement

At the moment ofaccidentNewark storage tanks were scheduled for the installation of téghl
alarms.

L.IV.III.IV Consequences, damages, effects to system, people, environment

The blasts, especially the last (and largest) one, appeared to have a gaeatfderce, in that a
remote and empty storage tank No. 9 some 1200 feet away was flattened by the impact, and tank
No. 4 some 1500 feet away was also damaged.

Other reported damage included flattened railroad freight cars and destruction and fires dtubre
refinishing plant. At the truck terminal building, large tank trucks were tossed about, several
automobiles were incinerated and numerous fires ignited in the general area. In addition, the impact
of the blast damaged several structures of surrougdimdustrial concerns. Losses have been
estimated in the millions.

While apparently leaving the premises because of the emergency, one employee was caught in the
open at the moment of the blast and killed. The burned body was found near the charred
automoliles at the truck terminal area. Eventually, 24 persons were treated for various injuries
resulting from the accident Those injured included railroad, tank storage facility and drum
refinishing company employees. There were no fire fighter or policeasjur
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L.IV.IIl.VEvent management, emergency rescue measures, crisis management

Interviews held in the wake of theccidentrevealed that two of the three employees on site knew of
no other emergency procedure than to call their supervisor.

I NBOGASge 27T lefg&cyOpeitiahsypda@duresSndicates that, in fact, certain parts of
the plan were implemented. The plan called for tripping emergency switches and notifying the
Colonial Pipeline Company; or the marine operating personnel, whichever was the case In th
accident the Colonial dispatcher was notified to shut off the flow, and one of the terminal operators
did activate an emergency switch to shut down the pumping system at Texaco. However, no one
notified the Newark Fire Department, as outlined in thsetiactions.

At 12:16 AM the Newark Fire Alarm Headquarters received a telephone call from the police relaying
a radio communication that there had been a large explosion in the vicinity of the Doremus Avenue
industrial plant. At about the same time, thedfialarm operators began to receive numerous reports

¢ ranging from a supposed airplane crash to an exploding vehicle on the highway. The first alarm
response included four Engine Companies, two Ladder Companies, a Battalion Chief, a Deputy Chief
and a Resue Unit. Before theaccidentwas over, a total of four alarms were sounded with a
response of 15 engines, four ladders, several rescue units and some 90 fire fighters.

At approximately 12:18 AM, the first arriving companies reported numerous spot fitggjnig
automobiles and soon discovered the body of the single fatality. Approach was made down the
access road to the diked area, where two of the three tanks involved were found in a collapsed
condition, buckled inwards and burning. The third tank (Noir6the diagram) was still relatively
intact and full of gasoline. The remaining contents of all three tanks were burning furiously. Within 5
minutes of the initial alarm, a second alarm was sounded, bringing in four more additional engines, a
ladder compay and battalion chief. At 12:28 AM, the third alarm was sounded, calling for an
additional three engine and one ladder companies.

An immediate request was made for the assistance of foam/crash truck from the New Jersey Port
Authority (Newark Airport). Twanits were dispatched; however, the unit attempting an approach
from the south of the railroad tracks became stuck on the unfinished access road. The other foam
unit dispensed its agent load on and into tank No. 67; however, little effect was noted tt€hgpa

was made from a foam monitor nozzle some distance from the tank and it is uncertain how much of
the AFFF solution was successfully directed into the tank. The rate of burning and distance involved
were factors preventing an adequate layer of foarfuion to extinguish the blaze.

There were hydrants surrounding the diked area of the fire, but their proximity to the burning tanks
necessitated relaying water with two 3 inch supply lines from hydrants on Delancey Street down the
access road for firefiging efforts at the tanks, the truck terminal, the drum refinishing plant and the
numerous spot fires throughout the general area.

The Newark Fire Department Fireboat was called at 12:40 AM to operate on the bay side of the fire
area. This was more of aqmautionary move and the fireboat did not actually become involved in
the fire fighting operation.

A command post was established at the corner of Delancey Street and Doremus Avenue. At 1:00 PM
a fourth alarm was issued, which brought in three additiomajiee companies.

Approaches from the south were attempted and access was eventually gained by crossing the man
railroad tracks adjacent to the fire scene, which allowed efforts to be directed at protection of the
aYltt aiGNIyaYAEE (irh)yidar thelpipeline calve ahd/meierksttiork Khis Inhal
tank, which suffered some damage to the upper portion of the tank, was alternately reported as
being empty and then full during thaccident Subsequently, some 330 m3 were reported to be
actually inthe tank. The contents of the tank did not become involved, due largely to fire department
efforts to keep the tank cool with hose streams.
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Theaccidentwas declared under control at 4:28 PM on Saturday afternoon, January 8. However, the
gasoline in tanNo0.67 continued to burn for over 24 additional hours, reportedly burning itself out
late Sunday night, January 9, 1983.

L.IV.III.VI After the event, aftermath actions to restore, repair, depollute, compensate

No information available
[.IV.IV LESSONS LEARNED AND CORRECTIVE &INS

[.IV.IV.IMain findings and official lessons

The human element appears to have played a key role in the cause oddtigent Failure to
physically check the tanks at prescribed intervals and properly record the information, along with
error in computing theamount of product going into and coming out of various tanks, led to the
overflow of tank 67.

Furthermore, although notification of the Newark Fire Department is part of the tank storage
FILOAfAGREQA aldl yRINR SYSNHBSyOe& uridd JBeNihitial leyicigencyNe O S R d:
operations at the storage facility, the Fire Department was not notified. It is unlikely that immediate
notification of the fire service would have prevented the eventual ignition and explosions.

L.IV.IV.lIIMain official recommendations

The Newark Fire Department made the following recommendation with regard to protection against
storage tank overfill situations.

We feel that Standard 30 of the National Fire Protection (the Flammable Liquid Code) should be
amended to read as follows.

Sectim 29.1 Prevention of Overfilling Tanks
Tanks receiving transfer of Class | liquids from mainline pipelines or marine vessels shall be:

a) Gauged at frequent intervals while receiving transfer of product, and communications
maintained with mainline pipelineranarine personnel so that the flow can be promptly shut
down or diverted back, and

b) Equipped with an independent higgvel alarm located where personnel are on duty during
the transfer and can promptly arrange for flow stoppage or diversion,

c) Equipped withan independent higievel alarm that will automatically shut down or divert
flow
l.IV.IV.lllFeedback on corrective action implementation

Standard 30 of the National Fire Protection was not amended as proposed by the Newark Fire
Department. At least until 2000 NFPA &ated as follows.

Section 2.1 Prevention of Overfilling Tanks

Aboveground tanks at terminals that receive and transfer Class | liquids from mainline pipelines or
marine vessels shall follow formal written procedures to prevent overfilling of tarigngtione of
the following methods of protection:

a) Tanks gauged at frequent intervals by personnel continuously on the premise during product
receipt with frequent acknowledged communication maintained with the supplier so flow can
be promptly shut down ativerted.
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b) Tanks equipped with a highvel detection device that is independent of any gauging
equipment. Alarm shall be located where personnel who are on duty throughout product
transfer can promptly arrange for flow stoppage or diversion.

c) Tanks equipps with an independent higlevel detection system that will automatically shut
down or divert flow.

d) Alternatives to instrumentation described in (b) and
e) Where approved by the authority having jurisdiction as affording equivalent protection.

It can be appreiated that there is a clear reference to written procedures, which was previously
lacking, but the independent higlevel detection device was not compulsory yet in spite of the
occurrence of the Newariccident

I.IV.IV.IVDiffusion of information and knowledge magement
Several reports were written about treccident
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Moreover, hearings before the subcommittee on health and safétthe committee on education
and labour house of representatives were reported by OSHA.
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I.V Vapour Cloud Explosion and Fire at Naples, Italy z 21st January 1985
I.V.I GENERAL DETAILS OF EVENT AND SITE

[.V.l.IAccident Location

Agip Oil Storage coastal depot, Napoli (Italy)

[.V.l.IIDate and Time
21st December 1985, 5.00 am

I.V.LIII Short Description of Industrial Setting Involved

In the night of December 211985, a VCE occurred in the fuel storage area during loading operation
from an oil ship anchored in the close petrol harbour of Nagotense tank fires lasted one week
after the explosion.

The Agip coastal fuel depot was a large tank farm located in the industrial area of Napoli (Italy). The
plant stored fuels in tanks before they were transported to other facilities such as pédtmrs or

the near international airport. The plant was directly connected with the petrol harbour through oil
pipeline and was close to larger industrial installation as former Mobil refinery, LPG storage plants
and many other manufacturing industries.

The installation was located inside an urbanised part of Napoli, with very crowded suburbs in the
radius of 1 km, including the main railway station. The whole industrial area was highly confined by
walls, buildings (both commercial and residential) andabyembankment with a mean height of
about 8 m, where local trains and motorways pasgure38 shows a simplified map of the storage
installation, where the main equipment and units involved in the explosiontareead.
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Figure 38 Map of Agip oil storage depot in Napoli (Italy) before the accident.
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[.V.I1.IVContext of Event (General Environment Description, Topography, Weather Conditions)
Geology

The area interested by the explosion is close todbastal side, oriental zone of the town of Napoli.
The geology of the entire region is dominated by the presence of volcano Vesuvius, which along
centuries has completely characterised the coastal morphology by frequent explosion (the last
occurred in 194). For this reason, the area is among the most hazardous region in the world. On the
other hand, the volcanic effects have produced a decrease of the local seismicity, which is
consistently lower than the close Apennines area of the Campania region \Wagreli is located.
However, lowmagnitude earthquakes may be the consequences of the volcanic activity, which may
anticipate, or follow eruption.

Water

The storage plant is located near the port of Napoli, which insists in the gulf of Napoli, in the
Tyrrerium sea. Close to the storage area there was a small creek (actually a small stream adopted
also as emergency sewage system by industries). No relevant superficial watercourse or basin, nor
important underground watercourses are present.

Topography

The are surrounding is totally industrialised and urbanised. For the specific issues regarding the
vapour explosion and more specifically for the analysis of dispersion of gasoline vapours, it is
important to note that and that the terrain of AGIP was completifit with the exception of

industry border walls and large embankment which in some way enclosed totally the area. That is
demonstrated by the followin&igure39-Figure41.

Figure 39 Pictures from the inside of industrial installation showing completely urbanised area in the very
close surroundings of plant, just before the explosion.
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Figure 40 The view of industrial installation plant just before the explosion in 1985. Embankment and fire

protection wall are clearly visible.

Figure 41 The view of industrial installation and area as it is in Aug 2009. Google Maps ®

Weather conditions

The exjosion occurred during the night at 5:00 a.m. The weather was clear, with low speed wind (ca.
1 ms1) towards NW direction (sefeigure38) and the temperature was about 8°C. Those conditions
strongly facilitate thdormation of vapour cloud. Relative humidity was 70%.

I.V.I.Wulnerabilities of main assets and capabilities

The industrial area where the storage plant was located is the oriental industrial site of Napoli. The
town suburb (circoscrizioni) is known as BarraptRelli and San Giovanni, and is characterised by an
elevated concentration of population, the presence of the industrial harbour and several industrial
activities. The specific location were the explosion occurred is Barra, which extends over 781,9 ha
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with an elevation of 44 m over sea level, 47 inhabitants/ha and total population of 36000 (2001).
Most of the area was (and still is) characterised by the presence of large oil and LPG industries (Q8,
Esso, AGIP, IP) but also by a number of small praduptants, and artisans of iron and metals, food
industry and gross markets.

[.V.II EVENT DESCRIPTION

[.V.Il.IMain Scenario

What occurred in this accident was a Vapour Cloud Explosion (VCE) followed by severe tank fires,
which lasted one week. The accident occurred dytime loading phase from the oil ship berthed in
the close petrol harbour, and the formation of a large vapour cloud after the overfilling of one tank.

The explosion caused 5 causalities, the complete destruction of the storage area and minor damage
up to5 km from the ignition point.

The explosion

The main explosion occurred at about 5:00 a.m. Eyewitness accounts and media reports refer to a
very large explosion followed by a number of lesser ones, possibly due to local explosion and internal
tank explosio.

A single large explosion though with complex timstory is confirmed by seismic signals located
either in the close surrounding of the storage plant or far awdgure42). An explosion duration of
about 3 seonds is observable from seismograms.
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Figure 42 Seismic signals recorded at different distances from the explosion epicentre:
a) 82 kmi soil blast wave; b) 29 kni soil blast wave;

c) 29 km- air blast wave; d) 9 kmi soil blastwave.

Calculation of the total mechanical energy of explosion from earthquake has been also performed
and, through mechanical and seismic yield coefficientdimground unconfined explosiorA total
explosion energy of about 2.0.104 MJ was calculatdt¢hvcorresponds to 4.2 tons of TNT.
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Ignition sources

Several hypotheses have been assumed for the ignition of the vapour cloud. There was an
eyewitness: the train driver passing over the embankment just before the explosion, but it is likely

that he did rot caught the timing of ignition but the initial laminar phase of the explosion, within the
GFLyl1® hyS 62Nl SN gla F2dzy R RSIR Ay GKS OftSly 64a
installation, while trying to use fire extinguisher. It is impottdinat all workers in the site were

found dead with the exception of one (the chemist or more specifically the technician who was
checking taking samples of oil being loaded), which however escaped just before the explosion, thus
confirming the presence ¢@rge vapour cloud.

The main evidence of ignition regards the pumping station n.2. Indeed, the cloud has been probably
moving and enlarging through the direction of wind from the tank 17, in almostdigeersing
conditions, where spark was unlikely, tamwils the pumping station which was in function at the
moment of the explosion.

Development and magnitude

The accident occurred the night of 21st Dec 1985 at about 5:00 a.m., during the loading of storage
from the oil ship GELA berthed in the close harbdrough pipeline. There are several evidences
and witness that that the overfilling of TK 17 started about one hour and half before, thus producing
a large pool in the correspondent catch basin and the following invasion of pump station n.1 through
rupture in the catch basin wall. The flow rate from pumping ship was about 700 m3/h.

¢KS FdzSf FTNRY G(GKS &AKALI ¢gla (GKS aoAyiSNI AL az2tAyS
present. Hence, the vapour cloud was then started to form fed by pool evdporaind spray

formed from the fall of gasoline from the top of the tank. The particular conditions of weather

allowed very large cloud of @56 hydrocarbons, which spread in the direction of wind until ignition

was found (likely the working pumping statjon

I.V.IL.II Description of Industrial Process, Substances and Materials Involved

The fuel storage area under analysis was managed by AGIP and extended over about 74r@00m
was divided by a private street into two zones, respectively the SIF area (customseh)tamkd the
Nazionale area (for the storage of fuels ready for distribution to home market).

The AGIP installation involved in the explosion was the SIF which covered about 48,66@ m
contained 37 tanks used for the storage of gasoline, diesel fuefiil, with a total capacity of
about 100,000 rh

The fuel tanks were essentially distributed in three parallel rows along ¢ d&is, and were
surrounded by catch basins of proper volume, at 2 m under the ground level and separated by walls
extendingn ®¢c Y 2@SNJ 6KS 3INRdzyR fS@Std ¢KS GlFyla 6SNB

Two buildings, loading units both for road tankers and rail tanks were also present.
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lighter hydrocarbons were present.

[.V.11.111 Short Description oAccidentand Circumstances

In the late afternoon of Friday, December 20th 1985, the oil tanker Gela, berthed at the oil deck in

the harbour of Naples, started to pump 750 m3 tof gasoline to the SIF arghrough a 1km long,
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diverted to tank no. 17. At 3 a.m., the incoming gasoline should have been diverted to tank no. 18.

But it did not occur mainly due toegligence of operator and overfilling lasted for more than one

hour, thus producing a pool, which formed a large vapour cloud and, after ignition, an explosion.
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The blast wave destroyed the main building and a shanty residential building located neardee b
wall of plant. Also it damaged many tanks, rail tanks and pipelines in the close surrounding of tank
no.17. 5 people died.

A large fire lasted over one week, ma domino effects were relatively small as the large intervention

of fire brigade.

[.V.11.IVTimelineof Events

20 December 1985

Late afternoon
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3:00 a.m.

The tank 17 was filled and the flow should have been diverted to tank 18. This operation was not
correctly dne and the gasoline flowed out the tank 17 for more than 1.5 hour.

4:30.a.m.
A total amount of 700 tons of gasoline spilled over, forming a large pool..

The high ambient temperature (8°C),,the absence of wind, and the high level of confinement
promoted the formation of a homogeneous vapour cloud (150000 m3).

5:00 a.m.

A fire was seen near the pumping station n°2 by a driver of a train which was passing over the
embankment (South side). A worker was found died in that area while trying to fight the fie by
portable extinguisher.

Few minutes later a strong explosion occurred. 5 people died and the explosion and the following fire
destroyed almost completely the storage area. The fire lasted one week.

About one week after

The fire was extinguished. Emergeneys considered finished.
[.V.1II CAUSES AND CONSEQUENCES

[.V.111.1Initiating Event and Direct Causes (Technical Failure, Direct Human Actions)

The Vapour Cloud Explosion resulted from the ignition of a vapour cloud emanating from spilled
gasoline due to the overfilling aftorage tank no.17 in the Agip Oil Storage site during the loading
operation from a petrol ship harboured in the nearby industrial port.

The main causes of damage within the plant and in the close surrounding of the plant were:
a) the blast wave produced tihe VCE
b) the pool fire for the domino effects on adjacent tanks
c) the tank fires (due to domino effects) which lasted many days

The blast wave produced was produced by the Vapour Cloud Explosion of a large cloud composed by
the lighter fraction and dropletsfavinter gasoline.

The vapour were dispersed in a relatively (partially) confined environment due to the geometrical
and layout of the industrial area and also for the weather conditions (light gust of wind, night).

But the calculated energy of explosicanconly be related to large amount of vapour, which in turns
can be explained with:
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9 duration of evaporation, which lasted more than one hour and half;

9 the evaporation rate, which was more intense than normal gasoline due to the winter
composition but alsaue to the technical construction of tank (see Buncefield report);

9 area (the pool area), which has been demonstrated to be larger than the single catch basin of
Tank no. 17

The long duration of the overfiling was mainly caused by lack of control of dmerat
miscommunication between ship and industrial installation, culpable negligence of workers and tank
operators, and lack of technical control for the prevention of accidents.

The area of pool was due to poor maintenance of catch basin wall, which wasnd&ated to have
connections (holes) with the close pumping station and possibly with another catch basin.

The trial enquire demonstrated also that the poor maintenance would however hindered any
prevention measure after the overfilling as the pipelioesimergency tank and sewage systems were
isolated.

The pool fire produced domino effects on adjacent tanks but the fire brigades allowed the control of
the escalation of accident, thus affecting the total economical aspect of damages.

I.V.IIL.II Root causes: failureim ERMF (Emerging Risk Management Framework)
Technical, Technological

At the time of explosion, the high level alarms and system did not worked at all. All emergency action
were manual. However, the main reason for the formation of large vapour cloudtheadbad
conditions of catch basin wall of TK 17. It has been showed that a hole between the concrete wall of
basin and the pumping station n.1 left the oil to flow in the station, thus producing a very large pool,
which in turns enhanced the evaporationwl rate-
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tank and to the near sewage, which was intended to be used in extreme emergency for emptying the
tank. Indeed, the connection was closed and the wataktwas full after cleaning of tanks the days

before.

The freefall of droplets leads to entrainment of air and mixing between the air and fuel vapour, and
the formation of a rich fuel/air mixture, thus promoting the evaporation of lighter components of
gasline, eg butanes, pentanes and hexanes. The contribution of spray/droplet has been taken into
account in the source model by Maremonti et al., 1996.

Human, Management

It was accepted that the carelessness of workers on the night of explosion had caasexptbsion,

by failing to notice that the overfilling was going on and allowing the continued pumping of the
petrol into the tank from the ship for over 1:30 hour. Sleeping of most of workers was possibly the
main cause. That hypothesis has been confiragdhe position of some workers which died within

the collapsed main building. One of the workers saved his life because as he run away through the
main entrance, possibly after watching and smelling the vapour cloud. The worker was going to
check the qubty of pumped oil in a very trivial (the court writes about a simple plastic bottle
adapted for the sampling).

The front line staff was not trained to be able to reliably detect, diagnose and respond to potential
accidens.

It is worth saying that the safy management system, organisation of human resources, and plant
management was addressed by the internal mandatory guidelines of AGIP (now ENI Group), which is
undoubtedly among the largest oil company in the world, and respectful of law.

168



Governance, Comunication

The system for delivering fuel safely around the country depends on good communications between
those responsible for delivery and those responsible for receiving the delivered batches, to ensure
sites receiving fuel are able to accept deliverisafely. Existing safety arrangements, including
communications, might be inadequate and need to be reviewed.

Policies, Regulations, Standards

At the time of the explosion, the Seveso Directive was not mandatory and the industrial procedures
did not takeinto account the analysis of risks or land use planning. However, an internal safety
management system and the organisation of human resources was existing and respectful of the law.

L.V.IILII Specific risk governance activities: failures in IRGC (International Risksovernance
Council) risk governance framework

Pre assessment

The worst credible scenario for the site is the major liquid fuel pool fire and the tank fire. Vapour
cloud explosions (VCE) are rarely considered for gasoline as the combination of overfiflirad
frequency, the probability of ignition, the probability of failure of emergency system, and finally the
intrinsic chemical characteristic of gasoline leave the assessment to decide for VCE as not credible
event. On the other hand this type of sceimapbccurs however in a periodic behaviour worldwide

with very large devastation.

Risk levels were considered low amongst personnel in the case of Napoli accident. This aspect is
however essential for plants where low hazardous fuels as gasoline or diesa stored.

Eventually, IRGC should address the respect of sound risk engineering procedure, which considers
mandatory the inclusion of very catastrophic scenario even if the likelihood of accident is relatively
low.

With respect to Napoli, it should deowever noted that Seveso regulations were not in force at the
time.

Risk appraisal

It is very important to include the loading unit (the ship, in the case of VCE) in the risk appraisal as
integral part of the plant.

VCE was not deemed a credible evenhapoli and more in general in plants where low hazardous
fuels are stored.

Increased likelihood of vapour cloud formation by gasoline cascade from tank overfilling is often
neglected.

Tolerability and acceptability judgement

Industrial area containing flistorage plants are generally considered acceptable for the population.
For the specific case of VCE exposed in this text, the vicinity of other more hazardous installations as
the petro-chemical refinery helped the acceptability of the installation.

In the case of IRGC, tolerability threshold values and acceptability judgement should refer not only to
the plant installation but also to the loading units linked with normal activities.

For the case of Napoli accident, relying on manual changeover betweds tahilst filling was
deemed as acceptable.
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Risk management

The protection system of fuel storage plant is typically based on large pool fires. However risk
management and IRGC should take into account the accidental scenario whose effects are
catastrophic even if the credibility of accident is very low.

In the case of Napoli, risk management would have operated positively if noting that high level
alarms were fitted but not working properly. Furthermore, bad maintenance of the bund walls
allowed the gastine pool to spread in the pump area.

No adequate supervision to ensure that stipulated operations were actually being followed, nor for
ensuring operators properly trained.

I.V.IIl.IVConsequences, effects to system, people, environment, economical, social
Consequenes

The consequences of VCE to the industrial system, to people, environment, social, are so large that
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plant is a main responsibility. To this regard, ibsld taken into account that domino effects (within

and outside the plants) and fires typically follow the primary explosion. These aspect should be
included in IRGC as they are mentioned (also in the EU normative) but rarely considered. The
cooperative itervention in order to prevent domino effects and spreading of damage among other
installation located nearby is essential.

In the case of VCE in Napoli, however, it should be noted that no domino effects have been observed
in the surrounding installatioreven if the industrial, coastal area where the VCE occurred was, and is
nowadays, characterised by an elevate density of LPG and Petrol storage areas, especially in the
nearby former refinery. Most of damages were indeed found within the plant border.edeny a

low grade civilian building located just close to the border of the plant collapsed, an elder inhabitant
died.

All buildings of the storage plant were destroyed or heavily damaged. The workers which were inside
the plant at the moment of the explam died for the collapse of buildings. Another was found dead
near the pumping area with fire extinguishing bottle in hands. Just one worked survived, as he
escaped from the plant just before the explosion.

The fire after the explosion lasted for almosteoweek, destroying many of the remaining tanks.

The plant was completely closed and the remaining equipment and buildings dismantled. The area is
now flat.

Effects to system

The entire production plant was completely destroyed. The installation wasyateimantled after
the explosion. A flat terrain is now present in the fuel storage area.

Effects to people

The window glass of many buildings in the near suburbs were shattered up to 1 km away from the
explosion point, however with no injuries. A low geadivilian building located just in the proximity
of one border collapsed, with one dead..

Effect to environment

The large fire produced dense black smoke for long time. No other environmental pollution was
observed.
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Economical effects

The oriental coastgart of the town, where the industrial harbour is active, was completely blocked
for one week due to the very intense fire of tanks. Local trains were also stopped. Massive
intervention of fire brigade led to minimum damages to nearby industrial plants.

The fuel storage plant was completely dismantled after the accident.

The VCE has occurred just together with large economical crisis of those years, which limited the
activity of petrol harbour of Napoli.

Social effects

The people living in the coastal ustrial area of Napoli are included in a very hazardous area which
includes the volcanic hazard for the Mt. Vesuvius. Just after the VCE, a Civil Protection prevention
and mitigation plan included the harbour of Napoli in the-caetled yellow zone, whereome
damages due to ash and lapillus are expected and massive evacuation of population is likely. The
inclusion of industrial area in the Vesuvius Civil Protection Plan was undoubtedly pushed also by the
VCE accident occurred in the same area.

[.V.1IIl.VEvent managerant, emergency rescue measures, crisis management

The explosion and the possible following fires may affect not only the industrial installation but also
the entire urban system. Indeed, fuel storage areas are often considered at low risk and, also for
economical reason, are often installed near towns, residential units, office areas. That is an
important issue for IRGC.

The cooperative intervention in order to reduce domino effects and spreading of damage among
other installation located nearby is essemi@nd should be included in IRGC recommendations.

In the case of the accident in Napoli, the emergency rescue measures and the crisis management
were positively faced by the local fire brigade, which was well equipped and instructed for large fires
due to the several fuel storage plants and the former Mobil refinery located in the same coastal
industrial area of the town. It should be noted that this area is still a petrol harbour, even if with
more limited activities. On the other hand, LPG arms has bestalied in the harbour.

As cited previously, the people living in the coastal industrial area of Napoli are included in a very
hazardous area which includes the volcanic hazard for the Mt. Vesuvius. A Civil Protection prevention
and mitigation plan is nown force if volcanic early warning and alarms occur. The plan includes the
industrial harbour of Napoli, where some damages due to ash and lapillus are expected and massive
evacuation of population of local suburbs is likely but not mandatory, dependinth@® eruption
evolution. The inclusion of industrial area in the Vesuvius Civil Protection Plan was undoubtedly
pushed also by the VCE accident occurred in the same area. This plan is strictly correlated and
parallel with the introduction of Seveso Dirags in Italy. A cgoint effort of industry, fire brigade,

local authorities, Civil Protection and CNR have produced a specific industrial prevention and
mitigation plant which is included in the general volcanic emergency plan.

The new plan includes jdimperation for crisis management, loading operation and other harbour
operations. E.g. the ships berthed in the harbour are now directly connected by pipeline with one
storage plant only, which afterward distribute the fuel to other commercial instahatio

[.V.1II.VIAfter the event, aftermath actions to restore, repair, depollute, compensate

The VCE is typically a very catastrophic event which leads to a strong downsizing of activities.
Restoring and repairing is typically very expensive for the large destruatidnalso the public
opinion pushes towards the total closure of the storage plant.
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Pollution was not a real issue at that time, but howegén the case of fuel storage ared is limited
by the intrinsic storage characterisation (presence of catch nbapumping system, general
mitigation system, polluted water clean system).

The plant in Napoli was totally dismantled after the VCE and the following fire. No industrial activities
are running on the area interested by the accident.

[.V.IV LESSONS LEARNED AND RRECTIVE ACTIONS

I.V.IV.IMain Findings and official lessons

The accident presented a very complex behavior, whose main aspects are the fuel evaporation, the
cloud dispersion, the explosive combustion of the gaseous mixture, and the following fire.

At the time of \CE, detonation of vapour was generally considered as the main cause of such
extended damage. The structural analysis, however, clarified that even low pressure deflagrations,
though involving large amount of combustion energy, are able to produce explasioes with total
destruction of tanks, concrete structures and buildings, piping detachment and failure, unless
specifically reinforced.

On the basis of current scientific understanding of the way in which VCEs occur, the potential for a
VCE at a site EkNapoli would have been limited to those parts of the facility that provided sufficient
confinement or congestion to generate a VCE, giving rise to relatively small risks in other part.
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entailing risk of powerful blast with domino effects is still not considered a sufficiently credible
scenario for purposes of land use planning, licensing or emergency planning.

The design of the tank itself contributéd the vapor/mist formation.

The VCE described was caused by serious human errors and, in particular, by the culpable negligence
of the tank operators.

[.V.IV.lIMain official recommendations

The official investigation on this accident resulted in severe commentl@behaviour of workers
and management. None of them were even simply respecting any of the procedures, most were
sleeping.

No comments on the design and operations of the fuel storage site was given in the official report,
even if the enquiring groupsdia large job for the reconstruction of accidents and for the analysis of
Vapour Cloud Explosion.

Shortly after the accident (but not only for it), an industrial emergency plan was concerted between
public authorities, private industrial owners and popida. It is worth mentioning that the area is
under the strong volcanic hazard and several hard recommendations for industrial owners, together
with Seveso Directive, are now mandatory.

The new plan includes joint operation for crisis management, loadiggation and other harbour
operations. E.g. the ships berthed in the harbour are now directly connected by pipeline with one
storage plant only, which afterward distribute the fuel to other commercial installations.

[.V.IV.llIFeedback on corrective action implemertian

The installations does not exist anymore in the present days but however lesson learned for the
accident have addressed large variation in the management of petrol harbour and coastal depots,
even if important economical and industrial modificatiorfsloe area and, later, the introduction of
Seveso law have had large weight on political decisions.
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Few years after the accident, the refinery has been completely closed and Q8 has now the entire
ownership of the large storage tank of the same refinerye $torage plant of Q8 is still working and
actually behaves as collector of oil from the close harbour for most of the still existing tank farms
located in the vicinity. That was considered the right option for the control of loading operation from
oil tarker ships.

In order to avoid damage to the population, following Seveso directive, each plant has produced the
Safety Report, and a consortium has been created for the management and safety operation of
petrol harbour.

I.V.IV.IVDiffusion of Information and Knowledg management

The official investigation were carried out by the Court of Napoli. It is actualfvaitable unless
long official procedure.

The Institute of Research on Combustion of the Italian National Research Council started few years
after to analyzehe opportunities of Computation Fluid Dynamics for the evaluation of Vapour Cloud
Explosion, under the guide of his former Director, which at that time was also involved in the
allegation. That produced a small research group dedicated to industriay safieich is still working

on the industrial emergency plan of the town and developing safety culture in the country.

The fire brigade published a paper on its internal journal, in Italian.
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[.VI Vapour Cloud Explosion at St Herblain , France, 7h October 1991
[.VI.I GENERAL DETAILS OF EVENT AND SITE

[.VI.l.I Accident Location

The oil storage depot is located in the city of Sdderblain, near and West of Nantes (a populated
and urban area within the 10 biggest of France), in Western France, close to the Loire river (one of
the 5 biggest river of France), department N° 44,

There was in 1987 at 1 or 2 km away a big fire of NPK fertilisers that produced toxic fumes which
forced the evacuation of 37 000 people of Nantes Suburbs.
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century.
[.VI.I.Il Date and Time

The Monday morning, the 07th October 1991, around 4:20 am occurred the Vapor Cloud Explosion, a
pool fire lasted several hours afterwards.

There were severe damages, 6 injured ttay of the accident, one of them later died from its burns
at hospital.
[.VLIL111 Short Description of Industrial Setting Involved

The accident occurred in an oil storage depot of a company called Groupement Pétrolier de Nantes
(GPN), meaning that the storage wasred and shared by several companies :

1 Fina, a Belgium petroleum company that was later merged with Total,
1 Esso, the French subsidiary of the American petroleum company Exxon,

1 And a subsidiary (Dépbt Pétrolier de Bretagne) of the two French petroleum coespa
Total and EIf, later marged.

It was operated since 1978.

The oil depot was fed by boats on a wharf by the river Loire that was located at 125 m. The various
oil came from different refineries.

The distribution of the gasoline to stations is then mdjeroad tankers on 4 stations. Nearby there
was a separate car park used by numerous petroleum trucks.

There were 6 people working at the depot. A night guardian is doing security and safety rounds when
the site is closed.

Usually, the depot starts at 4ra 2 employees operates the petroleum storage depot. The first-road
tankers arrives right before time at the parking waiting for loading with their motor engine on. This
parking is equipped with a locker, and washing trucks system.

This petroleum depot wasomposed of a fuel storage capacity of approximately 80 000 m3 of petrol
unleaded or not, gasoil and domestic fuel. It was 500 m long.

There were 11 storage tanks, with 4 floating internal roofs and 7 fixed roofs. They could store
between 1 425 m3 to 1500 m3.

The tank n°31 that was implied in the failure could contain 6500 m3 and was filled at 70% (4500 to
4750 m3) with unleaded petrol (octane indicator at 98) at the time of the accident. It was a floating
roof tank.
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The tank n°30 at 10 to 15 meters, hadtorage capacity of 10 710 m3 and was filled with 5500 m3 of
domestic fuel oil the day of the accident. It had a fixed roof. After the event, there remain 3600 m3.

The Road Tankers could store 38 000 litres of various oils, usually divided in 11 coampsurt

They are required to park empty on the parking of the depot when waiting for oil. By regulation they
are required not to park in cities.

Figure 43 Aerial view of the oil depot.
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Figure43 shows the oil storage depot GPN, which is on the left of the street. The Tank 30 and 31 are
at the top of the picture. The parking for road tankers in by those tanks before the street.

On the other side of the street, there is another oil stora@m the right of the picture, but not
visible, there is the river Loire.

I.VI.I.IVContext of Event (General Environment Description, Topography, Weather Conditions)
Geology

The oil depot was initially on marsh (swampy area). They were later filled with fill toogeseme
industrial activities which were closer about 400 m.

Water

The river Loire was at around 400 m from tank n°30 and 31.

The tide of the sea which was not very far too, a few km towards west, was not exceptional that day.
Topography

The oil depot waabout 2 km large.

The oil depot area is globally flat.

However, a gaseous release, heavier than air, would expand from the retention walls to the truck
parking.

Weather conditions
At the time of the accident (around 4 am), the atmospheric conditions wefelbows :
1 Temperature of 5°C,
1 Wind speed inferior to 1 m per second,
i Stable atmosphere, class E (Pasquill), low diffusion
T Humidity of approximately 100 %,
1 The atmospheric pressure was about 1020 Pa at 4 am.

From the meteorological conditions, it is prd#da than from the ground to 200 m height, the
stability was high. From 200 m to 1500 m, there was a convective instability. There were two
inversion layers, the first one at 200m and the second one between 1500 m to 2000m. These
inversion layers might pdst explain some of the reflexions of the pressure waves.

The air temperature was lower than the unleaded gasoline temperature of 17°C.
Vulnerabilities of main assets anchpabilities

The city of Nantes was at 8 km and the first houses of the nearby gilVagre mostly about 1 km.
The railtrack NanteSaintNazaire is located at 300 m from the depot.

The oil storage depot is one of those located on 2 km long on the Loire river before Nantes city. The
closest are another bigger petroleum depot, a chemicalpcts depot and a storage of materials for
road construction.

At that time, within a few kilometres down the river Loire to the seaport SHertaire, there were
several industrial facilities, among them 7 Seveso | Directive sites. It was the 7 of tréntsg out

of the 12 of the region. There were a refinery, 2 fertiliser plants, one chemical plant, a gas depot, the
port terminal for gas and petrol. There were 7 oil storage depots in the department and 30 in the
region.
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[.VI.II EVENT DESCRIPTION

[.VI.I.I Main Scenario

After a leak of an unleaded gasoline on a transfer line that occurred on a rubber joint just after a
valve opening automatic and remote procedure was completed, thereanaSEfollowed by tank
and pool fires.

The dirty water network of the site was ovéldd of gasoline and had explosions too.
The pool fires lasted several hours.
The leak

Testimonies enabled to say that after the remote opening of the bottom valve of depot tanks, there
was a white opaque mist smelling unleaded gasoline that was comingtfre tank n°30 and 31.

The leak occurred at the rubber joint of the a pipe fitting of the 12 inches pipe after the bottom valve
of the unleaded gasoline SP98 tank storing 4 525 m3.

The release poured out in a retention basin, that is common to a tankmwiedtic fuel of 4500 m3,
with vaporisation and mist formation. The mist formation was facilitated by a 100% of humidity. It
was noticed that part of this cloud was made of aerosols.

The explosion

The vapour/mist cloud (of approximately 1.5 meter heightjreated to 23 000 m3 extended outside

the retention basin (overfilling a wall of 2 meters), covering a road and trucks parking, and 20
minutes later was ignite@nd lead to arVCE in nearby premises where lorry drivers were present,
one of whom being kille.

Nearby buildings and tanks suffered structural damage, some road tankers were overturned by the
explosion and a pool fire was present for hours; window panes were broktaim a 2 km radius
from the VCE.

Some explosion occurred in the network of raihtiee depot. The petretainwater separator was
implied and the isolating valve of the retention basin for the rainwater remain open, and could not
be closed due to the damage to the closing device.

The fire

After the explosion, the fire expands to the arfs of the retention basin, the 2 tanks, to the
roadtankers on the parking and threatens other tanks. Some flames of the fire were 60 m high
(Figured4). To get the full emergency water means was long and thddated until 12 am. The fire
expanded to an area of 6 560 m2 will finally be extinguished 72 minutes after the attack started.
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Figure 44 Some flames were at 60 m of height during pool fires

Ignition sources

Many potential soures of ignition were present and investigated : hot truck motors, electrical
material, trailer, washing truck system, water heater in the locker room.

Relying on testimonies and other evidence, the most probable ignition source was proposed to be
heater inthe confined washing hall, which increased the ignition energy and flame velocity provided
to the main cloud.

It is probable that the trucks motors have continued to run without igniting hydrocarbapeurs
Overview of the damage

In order to illustratethe damage, pictures of roahnkers after the accident are shownhigure45s.
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Photographies N°2. Rangée principale des camions.

Figure 45 The road-tankers damaged were close from each other

The pictures irFigure45 show also that tankers were parked closed to each others. Tanks were
damaged and roatankers were turned over and burned. The road tankers were at 35 m from the
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closest tank. All those road tankers could contain 38 000 liters séligg but were empty as
required on the parking.

The initial explosion severely damaged the structures in the first 200 meters (see Eiguiie46),
and were limited afterwards. Windows were broken untika G0% at 700 m, 75% at 320) mnd
even 4 km for one known case.

B

Figure 46 Example of damages of municipal building at 50 m

[.VLIL.1l Description of Industrial Process, Substances and Materials Involved
The oil depot involved several matdriggasoline, unleaded gasoline and fuel oil. Trucks were empty.

Another assumption was made with underground methane coming from organic decomposition in
the area. Some studies were made by other experts (BRGM) and showed the possibility to reach the
flammability limit but not to sustain such an explosion.

The composition of the unleaded gasoline in liquid phase was :
Butane : 3%,

MTBE (MethyTertio-ButhytEther) : 10%,

Light gasoline : 14%,

=A =4 =4 =

Isopentane : 18 %,
1 Heavy Reformate : 55%.

At 17°C, the temperatre of the materials stored, the vapour in equilibrium is composed of
(calculated by Raoult Law, and in brackets the density ofépeurs:

f Butane : 26% (with a 2 kgfwapor density),
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 Isopentane : 53 %, (with a 2,5 kgimapor density),
f Others : 21%(with a 3 kg/ni vapor density).

It shows the importance of aromatics, in particular-gentane for the clouevapor composition and
reactivitiy. In addition aerosols were mechanically formed. The average density means that the
behaviour of the cloud is like heavy gas which was confirmed by testimonies.

Also a possibility to explain the white color of the mist, is the possible condensation of a part of the
iso-pentane vapors within the atmosphere at 5°C.
I.VLILII Short Description oAccidentand Circumstances

After a bottom valve of the a tank was automatically and remotely opened, a leak from an unleaded
gasoline tank under hydrostatic pressure occurred, most probably at the level of a rubber joint of a
pipe fitting creating a cloud of vapour and aerosols.

The VCEoccurred the Monday morning at 4:20 when the activity was starting at the oil storage
depot.

The explosion was followed by a fire of retention basin and tanks. Both were extinguished hours
after.
.VLILIVTimeline of Events

The sequence of events is based on evigeand testimonies collected by FINA, but also statements
made by the Police.

Monday, the 07th October 1991, in the morning,

1 2:50 : the guardian, night employee arrives at the oil depot to open the doors of the parking
and has nothing to report.

3:05 : A INA driver arrives to take its truck.

3:45 : The driver leaves the depot parking. He does not notice anything unusual (lights on,
clear weather, no suspicious odours).

3:50 : the night guardian is back. He starts its last security guard round.

3:55 or 4:0Q arrival of the first employee and by a second one right after. One-taaker is
started to warm it.

T 4:00 : security guard round, nothing to report, no leakage from unleadedditdne petrol
tanks. He checks a monitoring device near the tank n°3prfiwe its guard round, he has 5
devices to check around the depot).

i 4:00 to 4:05 : The automated system is started. Opening of the 5 valves at the bottom of the
tanks that are remote electrically controlled opening of valves. Among them the tanks n°30
and31.

1 3.50 to 4:20 : Successive arrival of drivers in the adjacent parking. Development of a white
cloud over the road. 4 roathnkers in the area of the cloud have their motor running.

1 4:10: a car is stopped in the cloud. He pushes its car towards dis toustart its truck. He
smells the odour and goes to locker room to change himself and leave.

1 4:10: A driver warns the depot employees of the presence of a fog or white cloud smelling of
unleaded higkoctane petrol.

1 4:10to 4:20 : the two operators trp identify the origin of the cloud formation. They stated
that the white mist has overwhelmed the road along the river Loire. They went by car and
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stopped it at 50 m from the parking due to the fog. Then, they climb to observe from the
eastern ground walbf the retention pool of the tank n°22, a white cloud on the parking and
at the level of tank n°30 and 31 only.

4:20 : Explosion. Some employees try to close the valve but it is destroyed.
4:25 : The fire develops to tank n°30 and 31 and to the reterimol.
4:33 : arrival of the depot manager.

4:38 : Arrival of fire brigades from Saiderblain and Nante€hantenay.
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12:17 : The fire is finally estinguished.

NB : The times noted are approximate to within a few minutes.

All this information made it posdd to determine the initial conditions before the ignition. In
particular, the fact that the cloud was covering all the parking.

L.VLIII CAUSES AND CONSEQUENCES

I.VLIILI Initiating Event and Direct Causes (Technical Failure, Direct Human Actions)
Analysis of the plausibity of the leak and cloud scenarios

Several direct witnesses made it possible to establish the most probable chain of events and to
understand the development of the phenomena.

These are a number of elements that could be considered as certain or veghbeob

1 At about 4 am, at the retention basin a white cloud formed and spread toward the-road
tankers park. Its advance was, nearly 15 minutes to extend 50 meters and to reach the road.
Simultaneously, its depth was increasing in size to reach approxiniateiyeters height;

I Heated motor vehicles, cars and rethkers, were in the opaque white cloud ;
1 The cloud smelt unleaded high octane petrol.
Other following elements, although observed by only one witness, could be considered as reliable :
1 The disaster &d began in the soutkast end of the car park ;
1 Flammable liquid marks were observed at ground level after the explosion ;

We should point out that the white cloud was not necessary representative of a combustible cloud.
Nevertheless, some observed damagehe result of the cloud explosion. Consequently, part of this
white cloud was within the explosive limits. The explosive cloud could have been formed according 2
hypotheses :

1 A massive leak due to a pipe rupture creating a liquid pool which evaponatioid have
created a mist due to the cold and the high humidity, in addition with the lack of wind, the
dispersion is limited.

1 Aleak under pressure at the level of the rubber joint of a pipe of 12 inches (30,48cm).
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lotographie N°34 . Déboitement du joint Viking Johnson,
canalisation de sortie; bac N°31 .
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Figure 47 Tank n°31, after the valve, the pipe fitting is dismantled

Assessment of the 2 hypotheses for the cloud generation

The calculation made for the first scenario showed that a rate between 0.8 kg/s to 5.5 kg/s was not
achieved by the pool to get a 25 000 m8udd in 20 minutes. This hypothesis does not in addition to
the observation of withnesses about the mist formation and the retention basin not totally wet of
petrol.

The other hypothesis with a rubber joint rupture enabled to get a rate higher (almost ogaitnde

order : 28 kg/s) under the hydrostatic pressures (there was 9 or 10m of liquid level), considering that
10% of the jet is instantaneously vaporised. The high vapour tension of this material (0,6 bar) makes
this assumption possible. Simulations haleown that the composition of unleaded gas, with-iso
pentane is particularly important for the rainout ratio and in the vapour composition. In addition, it is
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probable that leak configuration with a possible-fgeak could have created mechanically lofs
aerosols.

In addition other similar accidents, in particular the Vallaurie (26, France) accident, the 04th of
January 1989, with a hole of a pipe, showed the capacity of this gasoline to generate an aerosol mist
with a turbulent jet. In those conditionshe risks become very similar to the ones of gas and aerosols
ones.

Still, there were some doubts despite the hypotheses proposed about the precise origin of the leak
and the dispersion of cloud.

I.VLIILII Root causes: failures in ERMF (Emerging Risk ManagemearnEwork)
Technical, Technological

The rubber joint resistance was guaranteed by the manufacturers to aromatic concentrations of a
maximum of 30%. The rubber joint Viking Johnson (nitril joint) of the a pipe fitting (of the 12 inches

pipe after the bottom walve of the unleaded gasoline SP98 tank storing 4 525 m3), was in fact being

used for 15 years, and was at the time of the accident facing an unleaded gasoline with 98 octane
indices, containing 55% of aromatics. It was the first days of operation witadedl gasoline.

In order to prepare the change of materials stored, some works on the tank and pipes were made in
July and August 1991. The works were made according to the depot manager on the basis of
standard industry specifications. It was controllatiaapproved before start the 24th of September
1991, only 2 weeks before the accident.
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Human, Management
No specific analysis was reported in the available doantation.

However, there were no direct human error that initiated the detit. The initiating event is a
technical failure.

However, one can state that there were several organisationatigeities that put the employees
running the depot and the drivs in difficult position facing such warsase scenarios which were
not expected or assessed in safety studies and emergency procedurethéfarioud explosion
scenario).The employees did not have the means (detectors) to be alertedua time nor the
means to takeappropriate emergency actions to mitigate the leak (remote closurehef alve,
closure of electricabquipment and engines). When they tried, it was after the explosion, without
success.

Their behaviour and testimonies showed however ardeguate rsk perception, in trying to see
where the leak came from, or driving their engine... It shows however their profedstommitment
that conducted them to try to resolve the problem rather than save their lives.

Governance, Communication
No spedic analysis was reported in the investigation reports.

However, in 1991, the communication framework and governance procedures were started with
Seveso | transposition (e.g. 1987 Law for LUP, see Dechy et al 2005) The site was not under Seveso |
Directivebut under French regulations for hazardous sites. There were other Seveso | sites in a few
kilometres of the Loire river. The oil depot was mostly located in a former industrial area with no
inhabitants close. The development of Nantes suburbs since iftiesfhad however brought
inhabitants closer to the site.

But at several hundred meters, there was a little quarter called Rdtdgrice. They had the
experience of a very close (1 km) huge NPK fertiliser fire in 1987 that produced toxic fumes which
forced the authorities to evacuate 37 000 people from the suburbs of Nantes city. At that time they
were forgotten to be evacuated. So when the explosion occurred, they remember well the former
event and feared it. The police closed the area of the oil depbnbuevacuation was mentioned in

the newspapers. Inhabitants from Nantes suburbs were awaken by the explosion at 4:20, were more
or less informed by the radio and could see in the morning the fumes which enabled to locate the
accident.

Policies, Regulatiosy, Standards

After some accidents abroad (in particular in UK with Milford Haven in 1983) and in France in Port
Edouard Heriot of Lyon in 1987, with boil over and other pool firdgeach regulation for those oll
storage depot was established the 09thNdvember 1989. Thoselalepots were for most of them
not concerned by Seveso | Directive but should store more thardQGB. It was required Land Use
Planning procedures (PIG) to be established by the end of 1992 Watination of the public parties
of risk reduction measures. This was applicable to all existingepiots. By the end of 1990, a
feedback was expected by the Ministry from the inspection for potential difficulties imgtarticular
the regulation asked for safety studies to assess stweenarios and especially taekplosion and
boil over scenarios. At that time, the safety distaneesild then be calculated on thieasis of pool
fires in retention basin which was not a requirementlfi72 regulation. The explosiamsk was
required © be assessed only for fixed roof tanks.

So at that time, thé/CE risk was not considered in the worst casmarios that were compulsoty
assess in a safety studies that would be used for LUP proeedaund oil depot. It does nahean
VCE were not aessed in some safety studies, in paréeudbr more confined zones thatere more
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found in refineries rather than in oil storage depots.idthowever clear that the/CEscenario
assessment for a oil depot was not a widespread practice.

In addition, thesafety distances were only specifically regdirfor new projects of storagé.here
were also several safety measures required by the reguiaamong them the fire watenetwork,
and in particular some fixed water systems on the top of stk cool themin case of firesome
positive safety valves for bottom valve tanks. In addition, tis& of more polar gasoline wittine
introduction of materials such as MTBE was pointed fer éxtinguishing parameters. Thearning
from experience was clearly mentied in particular the needof those positive safety valvas
avoid pool fires that are fed by continuous leaks.

According the oil depot manager, the oil storage depot was cgmglto regulation. The control
authorities had inspected the oil depot few mihis before the accient. Improvements were
expected (with preventive and protective measures, such an ATEX detector which was not
implemented beforethe accident.

In June 1991, there was another severe oil depot fire in Saien which involved 472 fireem. After
the event, the Environment Ministry mentioned thétose safety measures were nishplemented
and could have reduced the effactAt that time, the Industry Ministry, mentioned that the priority
was toreduce the consequence of thoseents. Thiswas the main philosophy in France at that time
in coherence with the deterministic approach.

VLI Specific risk governance activities: failures in IRGC (International Risk Governance
Council) risk governance framework

Pre assessment

The worst credible scenarin the emergency plan (what was in the safety studies is not known to us)
for this site was thought to ba major pool fire and not th& CE that actually occurred. The recent
(1989) regulation required risks to be assessed an especially pool firesydodr fixed roof tank
explosion.

Risk appraisal

It is not known to us if in the safety studiesV&Ewas considered. The specific regulation of oil
storage depots did not identify it specifically as a worst case scenario to be mandatorily assessed for
LUP procedures. But general safety regulations would require any explosion risks to be assessed. At
that time, despite some accidents and some scientific knowledge about it with experiments and
methodologies developments in seventies and eighties, the W@Eelatively Unconfined area of a

oil depot compared to refineries was not identified in industrial standards nor regulations. Major
risks, with more deterministic, worst case and envelope approaches, were pool fires, tank explosion
and boil over due teighties accidents.

Tolerability and acceptability judgement

The oil depot was installed before most of inhabited areas that settled at several hundred meters. It
is an industrial area, with several warehouses and oil storages, so there were not muabnceis
before the event. It was not a Seveso | site.

However, after the event, the LUP issue was raised in the newspapers when the Industry Minister
came on the site the day after. The need to have those oil storage too close from the urban areas
was raied but not much debated. The industry Minister mentioned that it was a false problem. He
stated that the industrial development required to have those storages close to the consumers, and
that putting them away or in less but bigger storages would muttipdi the risks to bring them to

the consumers (=not reduce the global risks with a transfer on transportation risks). He added that
unfortunately the accidents were still possible and the priority was to reduce the consequence of
those events.
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Risk managerant

The protection assessment was based on hazards such as large pool fires and tank explosion. The
explosion risk was known to be possible M@Bwith that severity were not expected.

Some monitoring and detection devices are lacking putting at riskodat® emergency action to
control or mitigate a leak or major deviation. Those equipments (such as positive safety valves) were
required by a new regulation (1989) and it was planned to put an ATEX detector which was not done
before the event.

The limitedsupervision on the site in case of emergency does not enable them to start easily the fire
water systems while trying to escape and alert managers and rescue services. The protection for
large pool fires were not implemented at the time of the accidensite recent regulation (1989).

The foam means and fire water were insufficient and delayed the attack. In addition the fire scenario
(retention basin) in the emergency plan was not the worst or real case that occurred with retention
basin and tank fire.

Despite no evidence analysis in documentation available, one can make assumptions of underlying
conditions, such as organisational deficiencies which have not prevented the accident.

There were probably some deficiencies in change management and desigficatien about the
operations with unleaded gas and interactions with materials and equipment such as rubber joints.
There were probably some lack of inspection and monitoring of a new operations configuration.
There were probably deficiencies in learnfrgm experiences policies as it was probably not the first
time to operate with unleaded gasoline.

However the retention basins have limited the propagation of the leak.

L.VLIILIV Consequences, damages, effects to system, people, environment, economical, social
Effects to people

1 Two employees of the oil depot were severely injured, 3 truck drivers were injured, and
another driver died few days after due to its burns

9 the explosion was heard more than 10 km and to 50 km according to some newspapers

1 some aifpollution measures will be made to assess the toxicity of the fumes ; the fumes
went high in the sky, so there was no direct consequences ; at 11 am, the analyses on the
level of the ground were low.

Property/Material damages
The main damages inside the oil depotre/¢he following :
1 The tank n°31 : containing unleaded gasoline was completely destroyed.

1 The tank n°30 : containing domestic fuel oil, is partly destroyed, other storage tank nearby
were severely damaged,

1 The pipes in the retention pool of the tank n°3dda32 were damaged and the ones of the
gasoline tank were torn at the linkage level.

15 roadtankers were totally or partially destroyed, 4 cars were burned.

The driver locker room was destroyed so as the cleaning station and a construction
bungalow.

1 The minwater system for used waters and the hydrocarkeater separator were damaged
due to explosions.
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1 Little damages on the depot offices (windows, glasses, doors,...), located at 250 m from the
depot, were observed.

A neighbouring petroleum depot had 3 tandlamaged.

Important quantities of petrol infiltrated in the ground. It was necessary to install
piezometers and then depollute the soil. The vapours collected have been treated at a
burning station.

1 The damages were estimated at Million Euros (1991) wh 2 tanks, 4 cars, 15 roadnks,
the washing station, all destroyed. 3 other tanks have been damaged, some offices and some

pipes.
Environment

1 Damages were observed on the neighbouring houses (mostly windows) between 1 and 2 km
and very few cases of brek windows until 4km : 400 insurance damage compensation files
were filled. In SairHerblain, there were damages on some companies, schools, church.

1 Approximately 500 m3 of gasoline have polluted the ground on an area of 20 000 m2 on 7 m
depth and the undrground water table (or phreatic layer).

I The Loire river was not polluted due to retention basin mostly.
Scale of the disaster

Based on the Seveso Directive, European scale voted in 1994, the disaster is classified by BARPI as
follows :

1 Hazardous materialreleases : level 4, (Q1 = level 4 = 3 600 tons of unleaded fuel and 3 600
tons of domestic fuel / high threshold for petrol material is 25 000 tons ; Q2 = level 3 = the
TNT equivalent of 1.8 to 3.6 tons)

1 Human and social consequences : level 2 (H3 + Zedlae to one death),

1 Environmental consequences : level 3 (Env 13 = level 3 with 20 000 m2 of polluted soil),
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Social and media

After the event, several newspapers covered the event which was very impressive. The industry
Ministry came to visit the accidental area.

In the newspaprs, there was the analysis that the accident could have turned into a catastrophe if
some circumstances were not positive : e.g. if it had occurred during the day with more workers and
traffic, or if the fires were not extinguished and had propagated tiweo oil storages and the full
depot, no houses nearby, the other oil depot or Gaz de France were not hit, and the weather
conditions were then in favour of rescue services.
[.VLIIL.VEvent management, emergency rescue measures, crisis management
The chronology ofvents of emergency actions by fire rescue services is given below :
07th October 1991, in the morning

1 4:28: First responders leaves from Nantes. They directly felt the blast.

1 4:33: the depot manager arrives.

1 4:36: Internal Emergency Plan is launchedheydepot manager.

1

4:38 : Arrival of the rescue services of Sdderblain and Nantes.
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4:49 : The police blocks the streets. The trains are stopped at 5:30

After the explosion, some unleaded gasoline could leak into the rain water drain system. The
valve 4 the retention basin was still open. The fire expanded with drain systems. The road
tankers were empty.

The fire brigades decide to only attack the fire as soon as conditions of the fire defence plan
are met. The scenario taken for the plan was the largesl fire of 4 340 m2 which would
require foam rate of 5//m2/mn and a rate of water of 22 000 I/mn which are supposed to
manage to extinguish the fire in 22 mn. But the available fire water network is only if 5 000
I/mn. It is required to have a boat vitpumping services, but there will be a tide effect on
the wharf to handle (8 meters in that area).

4:56 : A boat called Hoedic in the SaWdzaire port nearby is called because it has large
pumping equipments (12 000 I/mn) designed for the petroleum amethane port. Two
other boats had arrived but with only 2 x 150 m3/h of water capacity.

5:00 : the Fire pumps of the depot are started. The tanks are being protected. Despite the
implementation of a water screen between the 2 tanks, the fire expand ta@tmepartments

of the retention basin, that is common to the unleaded tank implied in the accident and the
other storage of domestic fuel of 10 000 m3.

5:07 : the burned victims are evacuated towards Hospitals.
Some thick smokes are visible at kilometresrfrinere.

5:30 : the flames have propagated to the 2 tanks of unleaded petrol and the domestic fuel,
one is open, and to the roatnkers on the parking are threatening nearby storages. They
cooled a LPG (propane) tank of 1,5m3 that was at 30 m from thieofvelle retention basin

and protected with water 2 tanks of 15 000 m3 of gasoline and fuel.

5:45 to 6:00 : More rescue services are called from other departments (85, 29 and 49).
6:30 : the small fires (rainwater system and concrete areas of the depothanaged.

7:59 : arrival of rescue services from Finistére (29), llle et Vilaine (35), Maine et Loire (49)
9:55 : Arrival of the boat Hoedic with large pumping equipment.

10:13 arrival of rescue services of Morbihan (56) and Vendée (85).

10:30 : the firein retention basin n°30 is extinguished. It confirms that this retention basin
was not overwhelmed by liquid gasoline.

11:05 : order of fire attack with 2 000 m3/h with a rate of 5 liter/m2/minute.
12:05 : the tank n°31 of unleaded gasoline is extinguished

12:17 : the message is communicated about fire extinguished.

The extinguishing challenge :

Approximately 200 Firemen will finally be there for 7 hours. They finally manage to avoid a
propagation, domino effects and extinguished it. Flames were 20 mbighs

80 600 liters of extinguisher foam were gathered (with 17 000 provided by nearby industrials). 50
000 I of extinguisher foam have been used.

The boat had pumping system of 12 000 liter per minutes which was enough.
Pool retention area in fire : 4.3402.
Part of the fire area of the tank 30 and 31 : 2.200 mz2.
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Plans were to apply for 20 minutes with a rate of 22.000 liter/minute and with 5 liter/m2/minute of
application rate. The reality was that it was required to apply it for 72 minutes at a ra28.0600
liter/minute and with 4,3 liter/m#/minute of application rate. The domestic fuel tank and its
retention basin compartment were extinguished in 35 minutes.

22 fire water lines of 110 mm with a total of 10 km were established.

L.VLIILVIAfter the event, aftermth actions to restore, repair, depollute, compensate
To secure the site and the area damaged :
1 A guardian was mandated 24h/24h,
Investigation of a potential pollution,
Permanent control of the explosive vapour state all over the area,
The extinguisher foaroarpet is maintained with the rate of water,
Pumping of the mix of fire waters and petrol, approximately 3 800 m3,

Setting of a temporary fence, approximately 300 meters,
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The boat tanker PoiTudy of 5000 m3 capacity was unloading at 300 m at the tintheof
explosion. They decided to move away.

Other actions taken
1 Press conference,
1 Some piezometric puits are implemented,
1 The hole above the decanter is closed with concrete,
1

A plan to depollute is established. Approximately 500 m3 of gasoline have potlwed
ground on 2 hectares on 7 m depth and the underground water (water table/phreatic). Two
companies made some soil pollutions studies and proposed a soil venting solution.

A complete damage investigation is done,

The causes investigations are launcheh\BRGM, INERIS, PETROFINA, Inspectors of control
authorities, experts from other oil companies, and an expert commission.

The judicial inquiry is launched,

A study of a limited restoration and repair of the damaged installation to get the license from
the authorities (the Prefect) to restart the operation, after the Prefect has taken a Law act or
Order the 30th of October 1991. This Order required to stop operations and to depollute the
water table/phreatic.

1 A study is made by a company of the risk oideatal loss of a rubber joint on pipe fitting.
1 Restoration of the damaged emergency means,
1 Update of the electrical plans, materials

1 The oil storage could restart fully November the 2nd of 1993.
[.VI.IV LESSONS LEARNED AND CORRECTIVE ACTIONS

[.VL.IV.IMain Findings and oftial lessons
A high severity of the VCE
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The damage analysis, detailed previously, shows that the main factors increased the violence of the
explosion (at leas30 kPa according damages, possibly 50 kPa according to simulations) :

1 the nature and reactivityf the materials involved (a high rate of aromatic in particular of
iso-pentane),

9 the level of aerosols generated by the leak configuration,

i The very low wind (inferior to 1m per second), the low difussion and the external
temperature lower than the stor@ material temperature have limited the dispersion of the
vapors and aerosols that were formed, and increased the probabilty of concentration
gradient,

9 the fact that there was, close to the leak, in the parking, with the parked trucks (very close), a
reduced space area and partly confined area

1 and the most probable ignition source that could have been in a utilities building where a
water gas heater in the washing station of the trucks : this initial explosion in a confined
space could have seriously incsea the ignition energy of the large unconfined vapour
cloud,

This factors have somehow all accelerated the flame and have increased the overpressures produced
by the explosion propagation. Other factors such as the form of the cloud, the location of the
ignition, the turbulence of the cloud and flames, may have in general an impact and could have had
an impact on this specific case.

This was not the first accident in such a configuration but, probably in France, the one which blast
produced the most exterge damage to the surroundings. For instance, numerous windowpanes
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were largely more severe and extended than the effects modeled through usual refeseanario

taken into account in safety studies of oil storage depot or for the Land Use Planning around those
sites.

There were several safety measures not implemented but required by the new and recent regulation
(1989) for oil storage depots. It is trubat those requirements were compulsory for new oil depots.

For economical reasons, it is usually not applied to existing sites for some degree. This kind of
regulation had no strong retroactive force for existing sites which hamper the enforcing capfacity
control authorities. These new regulation safety requirement were usually coming from new
knowledge or recent lessons from accidents. This is why, and usually, for existing sites, when a new
regulation came in, the operators had to propose a correctiggon plan and negotiate the delays

they could obtain with authorities to fully implement the corrective actions or to debate them if the
measures had drawbacks due to incompatibility with former design for instance or economic
efficiency.

Those safety masures that could have been implemented if the company wanted to take advantage
of lessons learned from external accidents (indeed in June 1991, there was an accident@®u®aint
showing again the value of those safety measures) and the recent (198%9atien requirements
were :

1 positive safety valves at the bottom pipes tank,

 ATEX detectors,

9 fixed water systems on top of tanks,

1 sufficient fire water network and extinguishing foam means.

Despite limited domino effects (on other tanks of the oil depoti/@r other industrial sites nearby)
at the exception of the pool fires, it is necessary to address the domino effects risks between
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neighbouring sites as far as the accident could have been worse, if for instance, the LPG tank of
1,5m3 was not protectecdby emergency services. The explosion produced missiles that went at
several hundreds of meters away, had also made a hole in a tank of 15 000 m3 of petrol. The hole
position was above the real level of storage that day, and the missiles were blocked tydke
parking and destroyed in between.

A better analysis of the interactions between materials used to store and the materials stored with
their concentration of aromatics in unleaded gasoline with octane level is required in the design and
maintenanceof such storage systems. Indeed, it was the first time unleaded gasoline was used on
that tank (2 weeks only of operations). The use of unleaded gasoline was in development at the time.
Related organizational factors were therefore deficient (change managg design specifications,
inspection, learning from experience).

The training of operators, which were trained on fire risks, must now focus also on explosion risks
prevention and the safety measures to take in case of aerosols or explosive cloudsehBver of
employees and roathnkers drivers showed a lack of knowledge about it. But their risk perception
was lowered by the usual gasoline odors on oil storage depot and some frequent mists in the area
close to the river.

In addition to the compliancéo generic regulations, the emergency firefighting means must be
designed according to local specificity and emergency plans and procedures should address the
availability and performance of those systems in real life conditions. This is a common rb#ippnsi
between industrials and fire brigades.

The firefighting emergency plan mentioned that the attack of a similar scenario should have relied on
a rate of extinguisher foam of 5l//m2.min, and with water rate of 22 000 I/min and with a result of a
fire exinguished in 20 minutes. The gaps and differences between the real case and the theoretical
plan showed some lessons :

1 The firefighting plan did take a most severe pool scenario of 4 340 m2 (retention basin) and
not the real one of 6560 m2, (retention biast+ 2 tank surface),

T On the 13 hoses nozzles, 3 were devoted to cooling nearby tanks, so the full water rate
devoted to fire extinction was only 21 600 I/mn.

1 They expected to have the water available, however there were some problems due to the
tide and he lack of water accessibility was restored with high tide,

1 It was plan a theoretical efficiency of a 100% for the mass area dispersion of the foam, but in
practice, this efficiency ratio is lower (mix of foam, problem of quality and ageing),

1 The firefighing of unleaded gasoline fire was not really studied. Its behavior is different and
would possibly need some extinguisher foams for polar liquids.

In addition, the fire brigade faced difficulties and needed a long time to get the required means. The

fact of asking nearby industrials, not for a complementary quantity of foam, but for the first attacks
requirements is not acceptable with emergency needs.
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extinguisher ; the boat with pumping means, the jib crane, and other expenses). They are limited to

0.5% of the value of the assets exposed to the eveneddd

I The fire brigades coming from 14 fire brigades from 5 departments (a grouping of the fire
brigade management within the department was conducted years later) as mentioned in the
internal emergency plan were efficient,

The industrials had a mutual cegntion to help each others,

The external emergency plan was helpful too.
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In France, some regulations and some regulation on oil storage depot (November 09th 1989), and a
regulation of the firefighting means for those oil storage depots (July 06th 199@) issued in the 2

years before the event and probably had positive effects. They were issued after severe accidents at
Milford Haven in 1983 in UK and in 1987 in France at Port Edouard Heriot.

[.VI.IV.lIMain official recommendations

No official recommendatiosare presentin the documentation available.

However, from INERIS investigation, a practical recommendatigmetooleum depot is to avoid the
parking of many roadankers nearby the storage or to have enbugpace between tankers. At the
time, it was difficul to predict safe distance. The accident at S&detblain proves that the distance
between a possible petrol leak and parking should be tgrethan 50 m without any other
compensation measure.

After Toulouse disaster (and Buncefield even if its lessomsiat implemented yet in the following
guidelines), an industry guidelines for UVCE assessment in oil stepages was established in May
2007. It mentions in generic terms release scenarios very sinal&uncefield and Sakterblain
more or less. Itdoes mention several factors that increase explosion rgitie. It mentions in
particularsome Sainterblain lessons in a generic term, mentioning the risksamfinement above
the parkingof 5 road tankers for the choice of mu#thergy method indices.

I.VI.IV.llIFeedback on corrective action implementation

The adopted corrective measures on this depot were the following :

To install gas detectors close to the bottom tank valves and close to gasoline pumps.

To install bottom tank valves that are positive safety,

Tostrengthen the control procedures at the opening and closing of the oil storage depots,
To remove the parking and install it to a greater distance,

To conduct risk analysis before there are some works to be done,

= =4 4 A4 - -

To analyse the behaviour of the petrolijbiwith unleaded gasoline that can contain more
than 30% of aromatic hydrocarbons.

[.VLIV.IVDiffusion of Information and Knowledge management

The Environment Ministry of the time, with the BARPI edited a case file within ARIA database.

INERIS made a joint publicatiwith FINA in a French symposium. Later INERIS made an additional
work on the effect of additional roathnkers on explosion strength.
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[.VII Comparison of Major Accidents : Vapour Cloud Explosions at Buncefield ( UK,
2005), San Juan Bay(Puerto Rico, 2009), Jaipur ( India, 2009 )

[.VIL.I Introduction

Less than 4 years after the accident of Buncefield (11th December Rigse49) two other vapour

cloud explosions in oil depots occurred within few days of each other. Tdwmsdens reproduced

the sameaccidentmechanisms recorded at Buncefield, St Herblain, Naples and Newark, which are
mentioned as examples of atypical scenarios within the HRexx Description of Work.

Figure 49 Fire at the Buncefield oil depot (11/2/2005)

I.VILII San Juan bay (Puerto Rico), Caribbean Petroleum Corporation, 23 rd October 2009

On October 23rd 2009, a vapour cloud explosion and subsequent fires occurred &attbbean
Petroleum Corporation fuel depot at the Luchetti Industrial Park in Bayamon, Puerto Rico. The
company receives and distributes bulk fuel products such as gasoline, diesel, and jet fuel. Minor
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injuries occurred, but the tank farm was nearly cdetply destroyed. Extensive offsite damage
occurred including hundreds of broken windows, interior damage, and mild structural steel
deformation.

L.VILII Jaipur (India), M/S Indian Oil Corporation, 29 th October 2009

Figure 51 Fire at the Jaipur IOC oil depot (29/10/2009)

A devastating vapour cloud explosion and subsequent fire accident occurred on October 29th 2009
at about 7.30 pm in the storage depot of M/S Indian QOil Corporation at Sitapura (Sanganer), Jaipur,
Rajasthan killing 11 psons and injuring 45. The product loss of around 60,000 KL has been reported.
In this accident the entire installation was totally destroyed and buildings in the immediate
neighbourhood were also heavily damaged.

At Jaipur, a vertical spray leak of gaselirom a hammer blind valve was allowed to continue for
around 75 minutes, forming the large vapour cloud which was then accidentally ignited.

The original leak was caused by an absence of written site specific operating procedures which
allowed a sequete of valveopening operations to occur without checks to ensure the status of
other valves. This was compounded by the engineering design which allowed the hammer blind valve
in that location, and the absence of any remotely operated valves. This meainotice the initial
leakage occurred, there was no means of bringing the leak under control. In addition, only half of the
normal operating crew of four were at the scene and became overwhelmed by the fumes.

195



[.VII.IV Comparison of Accidents

Table 28 Comparison ofaccidents at Buncefield, San Juan bay and Jaipur

Accident Substance Loss of Source of
scenario involved Containment Ignition
Overfilling of
vented fixed roof
tank.
Buncefield Pump house

Liquid dispersal
and vaporisation

VCE and in cascade.
subsequent large Gasoline
San Juan Bay pool fire Overfilling Unknown
Open valve.
Jaipur Upward spray Pump house

caused by tank
head pressure.

The two recentaccidents have many characteristics in common with Buncefield, but in panrtithda
accident at Jaipur is nearly the exact reproduction of the English disaster.
[.VIL.V Conclusions

The occurrence of these twaccidens is a severe reminder that lessons from past accidents are still
unheard, in spite of several eaflyarnings recorded untitow. A way of making sure that this kind of
atypicalaccidens is considered by common safety procedure is thus a primary need.
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Annex Il

Survey of available technologies for LNG regasification
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1.l Introduction

This annex shows the survey of current available Lad@sification technologies performed for the
casea (i dzHqguid Matural Gas (LNG) regasification in sensitive areahane and offshore g A 0 KA Yy
the framework of the EC project iINT&usk and reported in the following INTFRisk deliverhle:

1 Uguccioni G2010. Package of: Reference solution containing documents, methods and tools,
for the assessment and management of emerging risks related to new and intensified
technologies available for LNG regasification terminals, Deliverable D1.2.4.1 of EC project
iNTeg-Risk, 7th FP, Grant: TP 213348

A common template is used for technology description, in order to consent a systematic afwalysis
the following LNG regasification technologies:

1 Onshore installation with double containment storage tank technol@nd submerged
combustion vaporizer technology.

1 Off-shore Gravity Based Structure (GBS) installation withssigiporting prismatic storage
tank technology, Open Rack Vaporizer (ORV) technology and Waste HeatriR&aporizer
(WHRYV) technology.

1 Off-shoreFSRU (Floating StoraBegasificatiorJnit) installation with spherical type storage
tank technology and intermedte fluid vaporizer technology.

9 Transport and regasification vessel with membrane storage tank technology aricasbel
tube vaporizer technalgy.

1 Specific data of equipments and alternativelsNG storage
1 Specific data of equipments and alternativelsNG vaporization

Private communicationwith Saipem Energy Services S.p.A., which was involved itself in the iNTeg
Risk casstudy, was the mainarce of information for the survey.
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II.1I' On-shore LNG regasification terminal

ILILI Identification (id. number, short name/acronym, full name)

Onshore installation: double containment storage tanks and SCV vaporizers (technology description
based on the Panigaglieerminal of GNL Italia, Snam Rete Gas).

[LIL1I Type of application (on -shore, off-shore GBS, offshore FSRU, transport and
regasification vessel)
Onshore LNG regasifier

ILILIIT Development stage (R&D, design, construction, operational)

Operational

ILILIV Short description (m ain features)

The plant comprises the following sections: jetty, storage, vaporizationoffoiecovery, Wobbe
index correction, auxiliary and safety systems.

Thejetty is composed by the docking area for methane ships and equipped with 3 unloadingfarms.
500 mlong pipeline goes along the jetty to the storage tanks and is used for LNG transfer.

Thestorage sectioris composed by 2 double containment tanks and 3 submerged pumps delivering
LPG from the tanks.

Thevaporisation sections composed by 4 famerged combustion vaporizers (SCV) (3 running and 1
on standby) with primary and booster pumping systems.

The boil-off recovery sectionis composed by 3 cryogenic compressors and 1 blower. Compressors
recover boiloff gas generated during the normal apéion and the unloading phase and transfer it

to the recondenser. A blower transfers the boiff gas to the ship to compensate the pressure
decrease due to the LNG unloading.

The Wobbe index correctioris necessary to adjust the gas with the quality GSfieations required
before the distribution. For this aim there are 2 compression strings compressing dried air used for
correction operations.

Auxiliary and safety systemsThe plant is managed by an automatic control system, whose
commands are in the&€ontrol Centralized Room. The section of auxiliary systems includes all the
principal process support activities, such as the principal and emergency electric energy, the fire
control system, the refrigeration system and station of gas quality and quartityrol before the
distribution.

[1L1.V Potentiality (maximum annual production achieved/foreseeable)

Maximum annual production achieved of NG = 3.5*4fn’*/year

ILILVI Limits for application

Modern Italian plants are designed for a maximum annual potentiality achiewaf8*1¢ - 12*10°
Nm®year of NG depending on the number of storage tanks and vaporizers.
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ILILVII Block diagram

BOIL-OFF
P RECOVERY

CARRIER SHIP LNG STORAGE VAPORIZATION

DISTRIBUTION

CORRECTION

Figure 52 Block diagram of an onshore LNG regasification terminal

ILILVIII Process flow diagram
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Figure 53 Process flow diagram of an orshore LNG regasification terminal

ILILIX List of main equipments
1 Jetty
Unloading arms

Transfer line

1

1

1 Storage tanks
1 Submerged pumps
1

Primary pumps
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Absorption Tower

Booster pumps

Vaporizers

Compressors

Blower

Wobbe index correa@n system

Control, safety and monitoring systems

= =4 4 4 a4 -8 -8 -2

Production and distribution utilities

[I.11.X Description/schemes of significant equipment (including geometrical data, e.g.
volumes, if relevant)

[L1L.X.1 Jetty
500mong jetty provided with mooring devices for ships ups&000 nf

[LLILX.II Unloading arms
3 arms of INOX steel:

1 2 arms (external position) used for LNG transfer (diameter equal to 12", flow rate equal to
2,000 milng/h) at T =160°C, P = 3 barg.

1 1 arm (central position) used for boil off gas return (diameter equd"tdlow rate equal
to 12,000 Nriyh).

LI X Transfer line

Line between unloading arms and storage tanks. Pipe diameter equal to 24", maximum flow rate
equal to 4,000 rfing/h

[1L11.X.IVTanks

VAPOR DRAWOFF 24" FILL LINE 24"

RISER 4"

ROOF PLATFORM

PERLITE INSULATION
(WOODEN SUPPORTS)

~—
OUTER TANK ROOF

(CARBON STEEL)

OQUTER TANK SHELL /

(PRESTRESSED CONCRETE)

| | —SUBMERGED PUMP COLUMN

(N°3)

~\

COLUMNS ]
(N° 28)

N\

,/PERLITE INSULATION INN > ATMOSPHERE

INNER TANK
e
(9% Ni STEEL) H

PERLITE INSULATION
(WOODEN SUPPORTS)

Figure 54 Scheme of a double containment tank
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2 doubk containment tanks

Capacity equal to 50,000%treal capacity equal to 44,000°n
Design pressure: 0.050 barg

Working pressure: 0.035 barg

LI X.VSubmerged pumps
3 submerged pumps collecting LPG inside each tank:
f 2 with a potentiality equal to 500 fimg/h (1 unning and 1 on stanby)
f 1 with a potentiality equal to 170 fmg/h (used for starup and lower rates)

L1 X.VIPrimary pumps
4 multi-stage centrifugal pumps (7 stages)
Nominal potentiality equal to 250 fimg/h
Discharge pressure equal to 23 barg

1 3 pumps runnig

T 1 pump on stanéby

[.1L.X.VIIBooster pumps
4 multi-stage centrifugal pumps (18 stages)
Nominal potentiality equal to 250 fimg/h
Discharge pressure equal to 79 barg

1 3 pumps running

1 1 pump on staneby

I1.11.X.VIIlRecondenser

The recondenser is an absorption tower allowing teeovery of botoff gas. BOG is compressed up
to the column working pressure (23 barg) by cryogenic compressors and is absorbed by LNG.

Due to safety reasons (preventing overpressure), exceedingoffojlas is directly ejected to the
atmosphere througta vent at 72m above the ground.
[L1LX.IXCompressors
3 cryogenic compressors
Discharge pressure equal to 23 barg
1 2 with a potentiality of 8,000 kg/h used during LNG unloading
1 1 with a potentiality of 2,000 kg/h used for BOG generated in the tanks
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[1.11.X.XVaporizers

EXHAUST
STACK

/ PILOT GAS

COMBUSTION AIR

<4—

PROCESS
FLUID

ouT
* TUBE BUNDLE

i

COOLING
WATER
JACKET

<4

WATER RECIRCULATION

DISTRIBUTOR DUCT WITH SPARGE TUBES

Figure 55 Scheme of éSubmerged Combustion Vaporiser (SCV)

SCVs are composed of stainless steel tubes that are submerged in a water bath containing a
submerged combustion chamber. The combustion chamber burns gressure natural ga (the

fuel consume is about the 1.5% of regasified natural gas) and is supplied with air via an electric air
blower. The heated exhaust from the combustion chamber is sent to the water bath containing the
stainless steel tubes with the LNG flowing insithel transfers the heat needed to vaporize the LNG.
SCV technology is a closed loop system that does not require water intake and discharge; however,
condensate water is produced from the combustion process.

4 submerged combustion vaporizers (SCV)

Nominal mtentiality equal to 250 rith

Fuel consume equal to 2100 Nimof natural gas
1 3 vaporizer running

1 1 vaporizer on stanty

[1.11.X.XIBlower
It transfers the boibff vapour to the ship
Maximum flow rate equal to 12,000 Nrh

ILILX.XIIWobbe index correction system
2 compressin strings
Nominal potentiality of 4,300 Nith
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ILILXI Description of relevant technical solutions

The unloading arms are equipped with a rapid release system, named PERC (Powered Emergency
Release Collar), which releases the connection with the ship manifold.

ILILXII Description of main positive features and critical points

A weltknown critical point of this plant typology may be the phenomenon of rollover, a process
whereby large quantities of gas are emitted from an LNG tank over a short period, causing
overpressurizaon of the tank unless prevented or designed for. Rollover can occur in absence of a
proper mixing or in case of a remarkable variation in composition (thus in density) of the LNG stored,
which can lead to a stratification of the substance inside the .taftken, if the densities of two
different layers approach each other, the two layers mix rapidly, and the lower layer, which has been
superheated, gives off large amounts of vapour as it rises to the surface of the tank. In 1971 in the
Panigaglia LNG termal occurred the first documented LNG Rollover incident.
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[L.III Off-shore GBS LNG regasification terminal

ILIILI 1dentification (id. number, short name/acronym, full name)

Off-shore GBS installation: salfipporting prismatic storage tanks and ORV vaporizers (techynolog

description based on the Rovigo Terminal of Adriatic LNG srl)

L1111 Type of application (on -shore, off-shore GBS, offshore FSRU, transport and
regasification vessel)

Off-shore GBS (Gravity Based Structure) regasifier

ILILIIT Development stage (R&D, design, construct ion, operational)

Construction

ILIILIV Short description (main features)

The plant comprises the following sections: quay, storage, vaporizationpfbaicovery, Wobbe
index correction, auxiliary and safety systems.

Thequay is composed by the docking area foethane ships and equipped with 3 unloading arms
and 1 boil off gas return arm.

The storage sectionis composed by 2 modular salfipporting prismatic tanks and 4 submerged
pumps delivering LPG from the tanks.

Thevaporisation sections composed by 4pen rack vaporizers (ORV) (3 running and 1 on sksnd
and 1 waste heat recovery vaporizer (WHRV) with high pressure pumping systems.

The boil-off recovery sectionis composed by 2 cryogenic compressors. The compressors recover
boil-off gas generated durg the normal operation and the unloading phase and transfer it to the
recondenser.

The Wobbe index correctionis necessary to adjust the gas with the quality specifications required
before the distribution. For this aim there are 2 compression strings Jadrier for the air used in
correction operations.

Auxiliary and safety systemsThe plant is managed by an automatic control system, whose
commands are in the Control Centralized Room. The section of auxiliary systems includes all the
principal proces support activities, such as the principal and emergency electric energy, the fire
control system, the refrigeration system and station of gas quality and quantity control before the
distribution.

[1LI.V Potentiality (maximum annual production achieved/foreseeab le)

Maximum annual production achieved of NG = 7.644&/year

ILILVI Limits for application

Modern Italian plants are designed for a maximum annual potentiality achievable of 812910°
Nm®year of NG depending on the number of storage tanks and vaporizers.
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(.11l Block diagram

LNG NG | BOIL-OFF [

L RECOVERY |~

CORRECTION

LNG A

LNG LNG
v ®
CARRIER SHIP LNG STORAGE A VAPORIZATION
LNG
DISTRIBUTION

Y

Figure 56 Block diagram of an off-shore GBS LNG regasification terminal

Table 29 Physical gate, density, mass and volume rates for each line of the block diagram

Line | State Density Mass rate| Volume rate
(kg/m®) (kaly) (m°ly)

1 Liquid | 460 6.07*10° 1.32*10

2 Gas 1.8 2.41*10 1.34*10
0.763

3 Gas 6.04*10° 7.91*10°
5C<T<2&

ILIHLVII Process flow diagram
No process flow diagrams available

ILILIX List of main equipments
' Quay
Unloading arms
Storage tanks
Submerged pumps
High pressure pumps
Vaporizers
Compressors
Wobbe index correction system

Control, safety and monitoring systems

= =4 4 A4 -4 a4 -8 -a -

Distribution utilities
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[1.11.X Description/schemes of significant equipment (including geometrical data, e.g.
volumes, if relevant)

ILILX. 1 Quay
Quay allows approach and docking to methane ships carrying LNG

[LIHLX.II' Unloading arms
4 arms:
T o INXY& dzaSR FT2NJ[bD GNIYaFSNI ORAI YSGSNI Sljdz f
M FNY dzaSR F2NJ o2Af 2FF 3L a NBUGdANY O6RAFYSGSNI
Overall unloading rate: 13,600°myh

[L1L.X. 1 Tanks

Tarks are contained in the gravity based structure.

Top slab with beams for Tank " "
support of topside — : an COmpaf Lrsgn S
modules or storage o

Double outer walls for
protection of tanks
against ship impact and
for “dry” solid ballast
during operating condition

Dry end
compartments for
access to pump
rooms and under-
tank heating cables

Some compartments
used for fire water pumps,
seawater intake and
return, and potable water
storage and pumps

Cellar compartments for
water and solid ballast

Figure 57 Scheme of a selfupporting prismatic modular tanks

The tanks are being fabricated in six modules by HHI (Hyundai Heavy Industry) at Ulsan in South
Korea. The tanks aprotected with highresistance concrete double walls with inert materials (sand)
between the two walls.

2 modular seksupporting prismatic tanks of 9% nickel steel
Capacity equal to 125,000’ each one
Design pressure: betweef0 and 300 mbarg
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Dimensims:
1 length 155 m
T width 33 m
1 max height 28 m

ILHELX.IV Submerged pumps
4 submerged two stage vertical pumps collecting LPG inside the tanks.
Nominal potentiality equal to 530 Ta/h

1 3 pumps running

1 1 pump on stanéby

ILIIL.X.VHigh pressure pumps

5 centrifugal pumps

Nominalpotentiality equal to 410 ﬁmg/h
1 4 pumps running

1 1 pump on staneby

[1.111.X.VIVaporizers

Gasification occurs by means of:
1 3 seawater vaporizers (open rack vaporiz&RV) running
1 1 seawater vaporizer (ORV) on stand
1 1 waste heat recovery vaporizer (WHRV)rinig

The ORV uses seawater as the heating source for vaporizing or heatigmperature fluids into

gases at atmospheric temperatures. The heat conductor is called a panel. A panel comprises a large
number of heat transfer tubes in a raw like a curtaline ORV is made of an aluminium alloy for
good mechanical characteristics at low temperature and high thermal conductivity. LNG is vaporized
from the liquid state at153.5 °C to the gaseous state at 3 °C.

ORV works with a pressure equal to 80 barg armbriaes about 183 t/h using up to 7,250/ of
seawater with an assessed thermal differential equad 6 °C.
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Panel Block : Aluminum alloy

5 Al i e " N N A

Figure 58 Scheme of an open rack vaporizer.

The waste heat recovery vaporizer (WHRYV) is dedigoevaporize 176 t/h of LNG from the liquid
state at¢153 °C to the gaseous state at 0 °C. The WHR works with a liquid circulating in a closed
circuit as a means of thermal transfer. Once heated at 95 °C by turbine fumes the liquid exchanges
heat with LNGallowing the regasification. The liquid is a glyeaker mixture.

Glycol Circulation Pump

LNG Tank

LNG Vaporizer

Heat Source
Supply B «

LNG Sendout Pump

Natural Gas

Heat Source
Return

Figure 59 Scheme of a waste heat recovery vaporizer
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Open rack vaporizer potentiality:

1.9*10° ¢ 2.1*10° NmP/year

Waste heat recovery vapaer potentiality:

1.9*10° Nm®lyear

Maximum natural gas pressure out of the vaporizer

75 barg

Minimum natural gas temperature out of the vaporiser:
0°C

[1.111.X.VIl Compressors

2 alternate compressors with electrical constant velocity engines

ILIHLX.VIII Wobbe index correction sysm
1 2 multistage centrifugal pumps
1 1drier

[1L11.X.IXDistribution utilities
4A0kmf 2y 3 LIALIStAYS G2 GNIya¥fFSNI bD (G2 GKS
Nominal rate equal to 7.6*INm*/year
The pipeline is composed by 2 different parts:
1 a 15 kmlong partoff-shore
1 a 25 kmlong part onshore

The pipeline is equipped with a shdown valve to prevent overpressure damages.

[1.111.X1 Description of relevant technical solutions

RSt AQDSNE

The unloading arms are equipped with a rapid release system, named PERC (Powered Emergency

Rdease Collar) which releases the connection with the ship manifold.

Tanks are equipped with devices to allow filling from the top and the bottom of tank in order to

prevent stratification and rolbver.

The waste heat recovery vaporizer (WHRV) works witlguid circulating in a closed circuit as a
means of thermal transfer. Once heated by turbine fumes the liquid exchanges heat with LNG

allowing the regasification. The liquid is a glywaker mixture.

ILILXII Description of main positive features and critical p  oints

No information about positive features and critical points.
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[I.IV Off-shore FSRU LNG regasification terminal

ILIV.I Identification (id. number, short name/acronym, full name)

Off-shore FSRU installation: spherical type storage tanks from KvaernerRtzenbergand IFV
vaporizers (technology description based on the Livorneloffre LNG Terminal @fLT Offshore LNG
Toscana Spa

[LIV.II Type of application (on -shore, off-shore GBS, offshore FSRU, transport and
regasification vessel)
Off-shore FSRU (Floating Storaged®edication Unit) regasifier

ILIV.III Development stage (R&D, design, construction, operational)

Design

ILIV.IV Short description (main features)

The plant comprises the following sections: unloading arms, storage, vaporizaticofflreitovery,
Wobbe index correctiorauxiliary and safety systems.

Unloading arms2 unloading arms, 1 boil off gas return arm and 1 hybrid arm (both functions) are
present.

Thestorage sectioris composed by 4 spherical tanks from Kvaerner/MRes@&berg

Thevaporisation sectionis composedy 3 intermediate fluid vaporizers (IFV) with booster pumping
system.

Theboil-off recovery sectionis composed by 2 LD (low duty) compressors e 2 HD (high duty), both
pre-existing on the ship, and 1 new BOG compressor

The Wobbe index correctioris necesary to adjust the gas with the quality specifications required
before the distribution. For this aim there is a system of nitrogen generation.

Auxiliary and safety systemsdviost of auxiliary systems were already present on the ship before the
conversion fito a terminal. Safety systems consist of leakage and spillage prevention system, vent
relief system, fire and gas detection system, fire and explosion protection system.

I1.IV.V Potentiality (maximum annual production achieved/foreseeable)

Maximum annual produd@n achieved of NG = 3.7*18im*year

I1.IV.VI Limits for application

Modern Italian plants are designed for a maximum annual potentiality achievable of 812910°
Nm?®year of LNG depending on the number of storage tanks and vaporizers.

211



I.IV.VIl Block diagram
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LNG A
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CARRIER SHIP LNG STORAGE Y 3|  VAPORIZATION
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DISTRIBUTION

Figure 60 Block diagram of an off-shore FSRULNG regasification terminal

ILIV.VIII Process flow diagram

i Saipem
Eni . o
FSRU Livorno Project
FSRU Livorno
Exhaust
- _ 3 9MTPA
Re-gasification Capacity (5BSCMY)
(55-80 barg)
KA LNG Storage 135'000m?3
< | LoadingRate 12'000m3h
AAAL Installed Power 30'000 Kie
Burner
l Boiler feed pump Time required to 12 hours
TrEx transfer full load moaoringfun-mootring excluded
Vaporizer
Seawater | . Seawater Freq_uency pf LNG B
Steam _ \ Discharge Carrier at site
Seawater ~ Condenser \'\7_, DT max 7deg C
litpump 6 >l 8
LNG booster
Air Wobbelndex ~ Mitrogen it ;:,:,:
Correction Unit Recondense 5
@ BOG
CIERESSOr Flexible
| 4 Riser
1 Boil off
LNG »l Loading (Oslag :
1 HL SSIV 1
! 1
: peool Yls= 20l Sealine
| :Temp +3deg C Gas
OLT =Saipem 1 Send out
Battery Limit e
Saipem-SRG
Battery Limit
10

Figure 61 Process flow diagram of an ofishore FSRU LNG regasification terminal
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Table 30 Physical state, temperature, pressure and diameters for each line of the process flow diagram
Line | State T (°C) P (bar) Diameter (mm)
1 Liquid -162.6 1.18 406
2 Liquid -162.6 1.18 356
3 Liquid -162.6 1.18 356
4 Gas -122.4 1.04 610
5 Gas 44.03 6.50 610
6 Liquid -153.2 6.50 508
7 Liquid -147.6 93.70 406
8 Gas 5.1 84.50 610

ILIV.IX List of main equipments
Unloading arms

Storage tanks

1

1

1 Vaporizers
T Wobbe index correction system

1 Control, safety and monitoring systems
1

Production and distribution utilities

I1.IV.X Description/schemes of significant equipment (including geometrical data, e.g.
volumes, if relevant)

[1.IV.X.lUnloading arms

4 arms of inox steel:
T H FNX¥Ya dzaSR F2NJ[bD GNIyaFTSNI 6RAISYSGSNI S dzt €
1 arm used for boil off gasreturRA I YSGSNJ Sljdz-t £ mcQQ> %@t 26 NI (S
f M KBONARR N dzaSR 6KSYy ySOSaalNEB F2N 2yS 27F |
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[LIV.X.[ITanks

Figure 62 Mosssphere storaggank

4 Moss® LNG tank

The tanks are genergllmade from Aluminium and supported around the equatorial ring by a
structural transition joint (STJ), which also acts as a thermal break between steel and aluminium.

The tanks are then insulated with polyurethane foam, which is purged with Nitrogential fparrier
in form of a driptray beneath the sphere is fitted. A gas sampling system is fitted to detect and signs

of leakage.

The complete tank and hold space are protected by weatherproof cover. Wall thickness varies
between 2832mm at Poles and 160mat equatorial ring and tank weight is about 800 tonnes.

Capacity equal to 34,672%filled up to 98.55% to prevent leakages)

Design pressure: 250 mbarg

Working pressure: between 40 mbarg and 200 mbarg

Working temperature:161C

[LIV.X.IIVaporizers

—

Sea Water

LNG Vaporizer
LNG Eva\poration Fluid Condensation Fluid Evaporation
) ) [ o o
o
ol Jov 4 8 & [
3

LNG Ty " "0’ " b
| @ == A1)
e 1)
I |
ur

Fluid Vaporizer

NG

NG Heating

Sea

NG Heater Water

Figure 63 Scheme of an Intermediate Fluid Vaporizer
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IFVs are counter current heat exchangers, which use sea water as heat source and propane as
intermediate heating fluid between sea water and LNG. The vaporizer is composed by 3 integrated
sections in a sole shell. These sections are respectively named:

1 Propane vaporizer: a reboiler where propane, which circulates through the-sdell is
vaporized by the means of sea water flowing inside tube.

1 LNG vaporizer: previously generated propang@owa transfers heat to LNG, which flows
through the tubeside and becomes overheated natural gas. Propane condensation provides
the heat needed by the first stage of LNG vaporization. This section is placed on an upper
position in order to allow a drain @ondensed propane due to gravity.

1 Natural gas heater: this section is a heat exchanger where natural gas outgoing from
vaporizer is heated inside shell by means of sea water inside tube. Sea water from NG heater
is conveyed to propane vaporizer trougipige.

The circulation of propane is a closeidcuit during normal running, so pumping and restore are not
needed. Furthermore, in order to remove the content of propane inside vaporizer circuit during
maintenance and in an emergency, there is a spedcifik for propane.

3 Intermediate Fluid Vaporizer (IFV)
Nominal potentiality equal to 1.3*TNm/year

I.IV.X.IVWobbe index correction system

A system of nitrogen generation provides nitrogen to adjust the gas with the quality specifications
required.

[1.IV.XI Description of relevant technical solutions

LNG carrie

Figure 64 Scheme of an unloading arm

Unloading arms are equipped with a Quick Connect Disconnect Coupler system (QC/DC), which
allows a semautomatic connection with the flanged manifold of carrighip. The connection is
leaded by a steel cable under stress.

For a safe LNG transfer, unloading arms are equipped with a release system consisting of 2 spherical
gt @Sa 09YSNHSyOe wStSIrasS {eadsSy 9w({ ayz2 aLhAfft
Emergency Release Collar) between the 2 ERS valves.
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This system allows a quick disconnection of unloading arms from carrier in an emergency avoiding an
excessive LNG loss.

Moreover uloading arms are equipped with a position monitoring system PMS whichwstlmasling
operations and closes ERS valves if an arm has reach an excessive misalignment.
I1.IV.XIl Description of main positive features and critical points

A critical point of this plant typology, which is lodged in a ship essentially made of steel, is the
occurence of leakage and LNG spillage, which makes common steel fragile. To prevent this, welded
piping, top entry valves, stainless steel catch plates and a leakage detection system are used.
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II.V Off-shore TRV LNG regasification terminal

I1.V.I Identification (id. numbe r, short name/acronym, full name)

Transport and regasification vessel with membrane type storage tanks and shell in tube vaporizers.
Technology description based on the Energy Bridge Regasification Vessel (EBRV) and the deepwater
port (receiving facility)Gulf Gateway Energy Bridge of Excelerate Energy LLC located 116 miles
offshore in the Gulf of Mexico.

.Vl Type of application (on -shore, off-shore GBS, offshore FSRU, transport and
regasification vessel)

Transport and Regasification Vessels

ILV.III Development stage (R&D, design, construction, operational)

Operational

I1.V.IV Short description (main features)

The Transport and Regasification Vessel is both a LNG carrier and a floating, storage and
regasification unit, whose receiving facility is a deepwater port equipped wiSTL (Submerged
Turret Loading) buoy providing the mooring and the connection with natural gas pipelines. The
Transport and Regasification Vessel comprises the following sections: storage, vaporization, metering
and offshore mooring system, which alswludes the STL Subsea System of deepwater port. The
storage section is composed by 4 membrane storage tanks based on Gaztransport & Technigaz (GTT)
membrane type No. 96. The vaporisation section is composed by 6 sets of shell and tube vaporizers.
The meteing section is provided to determine accurately the quantity and quality of the natural gas
offloaded. BOG generated is usually used as combustible in the ship engines. The basis of the
offshore mooring system is a buoy connected to the seabed, whichllsdpinto and secured in a
mating cone in the bottom of the vessel. It provides the mooring for the Transport and Regasification
Vessel, the transfer connection with the deepwater port and the control and instrumentation
interface connection.

[I.V.V Potentiality (maximum annual production achieved/foreseeable)
Maximum daily production achieved of NG = 18*Non*/year

I1.V.VI Limits for application

Only the maximum daily natural gas production is here reported as this kind of regasification
terminal has a function of LNGarrier as well, so its annual production is extremely affected by the
number and of journeys per year and their length.

I1.V.VIl Block diagram
Not available
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I.V.VIII Process flow diagram
Suction High Pressure r LNG 1 l Metering
Drum LNG pump | Vaporizers ( Unit
| |

Cargo Tank

ING Feed |

II . Pressure contral
i
/ valve
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Steam heater /

overboard
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—G— Swivel
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Heating water
supply / ballast

pump

Heating water
hooster /
circul. pump

]

STL Mooring
buoy / Riser

Figure 65 Process flow diagram of an ofishore TRV LNG regasification terminal

II.V.IX List of main equipments

i Storage tanks

Feed pumps

Vaporizers

Metering unit

STL buoy

= 4 4 4 -4 -—a -5 -2

High pressure pumps

Meter platform

Subsea connecting pipelines

High pressure manifold
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[I.V.X Description/schemes of significant equipment (including geometri  cal data, e.g.
volumes, if relevant)

II.V.X.IStorage tanks

Figure 66 Membrane storage tank

4 membrane storage tanks Based on Gaztransport & Technigaz (GTT) membrane type No. 96
Overall capacity equal to 138,006 m

A membrane system f@rmed by installing thermal insulating material into the hull of the ship and
covering the surface with a metallic membrane. The purpose of the membrane is to maintain liquid
tightness so as to prevent any leakage of the cargo liquid. This system cafsiatsiouble
construction of invar (36% nickel alloy steel) with 0.7 mm thickness as primary and secondary
membranes. The insulation box is also consists of a double layer structure. The total thickness of the
insulation system is approximately 530 mm twsare a BOR (Bddff Rate) of 0.15% per day.

Primary Primary
insulation box membrane (invar)

Secondary
membrane (invar

Figure 67 Membrane system ofa membrane storage tak
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I.V.X.lIFeed pumps

3 retractable type submerged LNG pumps

Located in a pump well of the pump tower mast within the cargo tanks
Potentialty equal to 620 riYh each

I.V.X.llIIHigh pressure pumps

6 high pressure LNG pumps
Potentiality equal to 205 fth each
Pump head equal to 2,370 m
Discharge pressure up to 100 barg

[1.V.X.IWaporizers

[ Tatee Waser oWaram) | [ Quster Water (Cocty |

Figure 68 Scheme of a shell and tube vaporizer

6 sets of shell and tube vaporizers
Potentiality equal to 2.6*106 fitd each

This typology of vaporizers is compact (easy to arrange on deck), simple to operate, energy gffigien{ 3

(possible use of natural heat sources, i.e. use of sea water) and the plodessy 2 0  FFSOG SR
motions or environmental conditions.

Three modes of LNG vaporization are possible on transport and regasification vesselLO@gsed
OpenLoop, and Combined Mode.

In the ClosedLoop mode steam from the boilers is piped fromeahmachinery spaces forward to the
heating water steam heaters within the regasification plant, which are used to heat water circulated
through the shelandtube vaporizers in the regasification plant. As such, there is no seawater intake
or discharge usedpecifically for the regasification process in the Clesedp mode.

In OpenLoop mode the basic process is much the same as Claseg with the exception that
seawater is drawn in through the sea chests near the stern of the vessel. This seawatst &s1a

heat source and passed through the tubes of the shetttube vaporizers. LNG is fed to the shell
side of the vaporizers where it contacts the outer surface of the tubes and the heat required for
vaporization is transferred. The temperature ofethrseawater is lowered in this process by
approximately 7 C and this cooler water is discharged near the bow. For this reason, these vessels
are constrained from operating in the Opé&oop mode when water temperatures are belowC7to
minimize the risk bicing within the vaporizers.
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In the Combined Modeof operation, seawater at temperatures between 7 and @4an be used and
is further heated using steam from boilers to provide sufficient heat for the vaporization of the LNG.

[1.V.X.MMetering unit
A duplicatedultrasonic type flow meter and a gas chromatograph are used to determine accurately
the quantity and quality of the natural gas offloaded.

I1.V.X.VHigh pressure manifold

As an alternative to discharging natural gas offshore through the STL buoy a high pressifotdrisa
provided, located on both sides of the vessel. This provides the possibility to discharge pressurized
NG at a dedicated berth.

[.V.X.VIISTL buoy

Figure 69 STL buoy

The STL buoy serves four main purposes:
1 Provides the mooringof the vessel discharging at the deepwater port;
1 Enables the vessel to weathervane while connected to the mooring system;

1 t NPOARSa (GKS RSSLIWIFGSNI LRNIQ&a LBRNIAz2Yy 27
and the port;

1 Provides the control and the itramentation interface connection between the pipeline
end manifold and the vessel.

The essential components of the STL buoy are:
1 Buoyancy cone, the main body of the STL buoy.
1 Integrated turret with bearings,
I Riser and umbilical connections
1 Emergency shtdown valve
1

Acoustic positioning transponders, used to monitor the position of the STL buoy
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[1.V.X.VIlISubsea connecting pipelines

-

Regasification
Vessel

Dynamic
Riser

Subsea
Pipeline

Pipeline
End Manifold

Figure 70 Subsea connecting pipelines

Natural gas is transferred to the meter platform through a flexilde gser connected by means of a
pipeline end manifold to a subsea pipeline.
1 ¢KS FtSEAOGfS 3IIa NARASNI A& GKS aLALIStEAYSE (K
pipeline end manifold. The riser has an internal diameter of 14 in. and is comprised of
multilayered construction. It is designed to transport gas at pressures up to 135 bar.

1 The subsea pipeline is 20 in. in diameter and has a maximum allowable operating
pressure of 135 bar.

ILV.X.IXMeter platform

Figure 71 Meter platfor m

The meter platform enables the deepwater port to supply gas to two separate pipeline systems (Sea
Robin and Blue Water) and to individually control and measure the flow of gas to the pipeline
systems.
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[1.V.XI Description of relevant technical solutions

The mostrelevant technical solution of this technology is the submerged turret loading subsea
system, which is comprised of a STL buoy (see above), a mooring system comprised of anchors with
connecting chains, wires and shackles, STL buoyupickrrangements, dlexible gas riser (see
above), e control umbilical and a pipeline manifold.

I1.V.XIl Description of main positive features and critical points

A transport and regasification vessel is a portable, floating, LNG storage, regasification and natural
gas delivery syste with throughput capabilities similar to many medium sized shbesed LNG
receiving terminals.

The counterpart is the deep water port (receiving facility) of which there is currently only one in
operation worldwide, Gulf Gateway Energy Bride, locate@ thiles offshore in the Gulf of Mexico.

Moreover this plant typology is lodged in a ship essentially made of steel and the occurrence of
leakage and LNG spillage would make common steel fragile. To prevent this, welded piping, top entry
valves, stainlessteel catch plates and a leakage detection system are used.
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[1.VI Specific data of alternative equipments z LNG storage
II.VI.I Single containment LNG storage tank

I.VL.I.I Type of employment
LNG storage

IL.VILLII Field of application
Onshore LNG regasifier

ILVLLIII Development stage (R&D, desigconstruction, operational)

Operational

I.VIL.I.IV Short description

The tank is constructed of a 9 percent nickel steel inner wall, a carbon steel outer wall, and an
aluminium suspended insulation support deck. The LNG is contained within the inner wall, while the
outer wall would contain product vapours. The storage tank is surrounded by dikes, which provide
secondary containment. The steel inner and outer tank is supported on a common foundation.

SUSPENDED DECK
(INSULATED)

PIPING
/

LOOSE FILL
/ INSULATION

OUTER SHELL
(NOT ABLE TO

CONTAIN LIQUID) PRIMARY CONTAINER

STORED LNG ——_ | ELEVATED
/ CONCRETE SLAB
SUBMERGED

IN-TANK PUMP | SECONDARY

[\ CoNTANER
/| (IMPOUNDING AREA)
\

BASE INSULATION

PILE FOUNDATION
DIKE WALL

Figure 72 Scheme of a single containmertNG storage tank

II.VI.II Double containment LNG storage tank

[.VLIL] Type of employment
LNG storage

ILVLILII Field of application

Onshore LNG regasifier
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[LVLILII Development stage (R&D, design, construction, operational)
Operational

ILVLILIV Short description

A conventional double containment CNstorage tank is essentially a single containment tank
surrounded by a closm, reinforced open top concrete outer container designed to contain any spill
or leak from the inner tank, but not to hold any vapour released during a spill. Like the single
containment tank, the double containment tank consists of a suitable cryogenic metal inner
container (9% nickel steel) designed to hold the LNG, surrounded by a carbon steel outer wall
designed to contain the natural gas vapours at pressures up to 0.050 Ibatdation surrounds the

inner tank to control heat leak into the tank. The outer carbon steel tank is not designed to contain
LNG in the event of an inner tank leak. In addition to this outer carbon steel wall, the double
containment tank design alsodludes a concrete outer container which functions as a secondary
means of LNG containment. This outer container is an engineered reinforced concrete cylinder
surrounding the outer carbon steel tank shell and is designed to contain the full tank volume plus
some safety margin (further data in the -@hore LNG terminal survey).

VAPOR DRAWOFF 24" FILL LINE 24"

RISER 4"

AY
v ROOF PLATFORM
PERLITE INSULATION
(WOODEN SUPPORTS)
Dy
(CARBON STEEL)
[ (N° 3)
OQUTER TANK SHELL L
(PRESTRESSED CONCRETE) A\
COLUMNS _#1 {
(N° 28) N
NRERTANK | |}/ PERLITE INSULATION INN , ATMOSPHERE
(99% Ni STEEL) H_ v

PILE CAP

PERLITE INSULATION
(WOODEN SUPPORTS) PILES

Figure 73 Scheme of a double containment LNG storage tank

ILVLII Full containment LNG storage tank

ILVLIILI Type of employment
LNG storage

ILVLIILII Field of application

Onshore LG regasifier

[LVLILII Development stage (R&D, design, construction, operational)

Operational
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[LVLIIIV Short description

Full containment tanks have a primary 9 percent nigtekl inner container and a secondary pre
stressed concrete outer container wall, a reinforced cete outer container bottom, a reinforced
concrete domed roof, and an aluminium insulated support deck suspended from the outer container
roof over the inner container. The doublealled tanks are designed so that both the primary
container and the secondg container could independently contain the stored LNG. The primary
container should contain the cryogenic liquid under normal operating conditions. The secondary
container is capable of containing the cryogenic liquid and of controlling vapour restribimgy
product release from the inner container. The space between the inner container and the outer
container is insulated to allow the LNG to be stored at a temperaturd@d °C while maintaining

the outer container at near ambient temperature.

REINFORCED

SIDE INSULATION -
(Periite + Glasswool)

SIDE LINER PLATE —
(Carbon Steel)

BOTTOM INSULATION

(Cellular Glass Block)
SECONDARY BARRIER
(9% Nickel Steel)

BOTTOM INSULATION
(Callular Glass Block)

BOTTOM LINER PLATE
(Carbon Steeal)

CONCRETE ROOF

ROOCF LINER PLATE
(Carbon Steel)

DECK INSULATION

N 3 (Alurninum)

CONCRETE
SLAS

Figure 74 Scheme of a full containment storage tank

[I.LVL.IV In-ground storage tank

[LVLIV.IType of employment
LNG storage

ILVLIV.1l Field of application
Onshore LNG regasifier

ILVILIV.1Il Development stage (R&D, design, construction, operational)
Operational
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[LVLIV.IVShort descripion

Figure 75 Scheme of an irground storage tank

Reinforced concrete tank cover

Steel roof

Suspended deck

Glass woolnsulation

NonCFC rigid polyurethane form (PUF) insulation
18Cr8Ni stainless steel membrane

Reinforced concrete side wall

Reinforced concrete ceaff wall

© © N o 0k~ wDbdPR

Side heater

10. Reinforced concrete bottom slab
11. Bottom heater

12. Gravel layer

Even though all thelmove listed storage tank technologies can be builgiound, only membrane

tanks have been regularly built below grade. The outer wall of amdand tank is not pretressed.

The outer wall is held in compression by soil pressure that also supporisNBehydrostatic load.

For inground LNG storage systems, electric heating cables are required to eliminate the formation of
ice in the surrounding soil. Ice formation can create huge frost heave loads capable of damaging tank
foundations and walls. Thesedters are in continuous operation. Structures that are built into the
ground generally have reduced acceleration loads generated from seismic events. This is because
motions of inrground storage system follow the seismic ground shaking and are not adplifi
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through the structure of the tank as is the case for an above ground storage system. This is one of
the reasons why iground storage systems have been principally constructed in Japan.

[I.VI.V Underground storage tank

ILVI.V.IType of employment
LNG storage

I.VI.V.1IField of gplication

Onshore LNG regasifier

[1.VL.V.1ll Development stage (R&D, design, construction, operational)
Operational

I.VI.V.IVShort description

Figure 76 Underground storage tank

Underground tanks are totally buried in the ground and the dome isafovered with over one
meter of earth, making them completely invisible from the surface.

[I.LVL.VI Self-supporting prismatic modular tanks

ILVL.VL.IType of employment
LNG storage

I.VI.VLIIField of application
Off-shore GBS LNG regasifier

[1.VL.VLIII Development stage (R&D, design, constiant operational)
Operational

[.VL.VL.IVShort description

Hyundai Heavy Industries (HHI) of South Korea completed the construction of two large LNG storage
tanks for the new Adriatic LNG graviigsed structure in mi@006.
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Each of the rectangular tanks, which arede from 9% nickel steel, weighs 4,800 ton and has a
capacity of 250,000m3. The tanks are protected with higgistance concrete double walls with inert
materials (sand) between the two walls. These tanks are contained in the gravity based structure
(further data in the ofshore GBS LNG terminal survey).

Top slab with beams for Tank compartments
support of topside N for storage of LNG

modules
&; '

Double outer walls for
protection of tanks
against ship impact and
for “dry” solid ballast
during operating condition

Dry end
compartments for
access to pump
rooms and under-
tank heating cables

Some compartments
used for fire water pumps,
seawater intake and
return, and potable water
storage and pumps

Cellar compartments for
water and solid ballast

Figure 77 Scheme of a selfupporting prismatic modular tanks

I.VI.VII Moss sphere tank

ILVI.VILI Type of employment
LNG storage

I.VLVILII Field of application
Off-shore FSRU/TRV LNG regasifier

[.VL.VILIII Developmehstage (R&D, design, construction, operational)
Operational

IL.VI.VILIVShort description

The tanks are generally made from aluminium and supported around the equatorial ring by a
structural transition joint (STJ), which also acts as a thermal break between stesdliamdium.

The tanks are then insulated with polyurethane foam, which is purged with Nitrogen. A partial barrier
in form of a driptray beneath the sphere is fitted. A gas sampling system is fitted to detect and signs
of leakage.

The complete tank and hdblspace are protected by weatherproof cover. Wall thickness varies
between 2832mm at Poles and 160mm at equatorial ring and tank weight is about 800 tonnes
(further data in the offshore FSRU LNG terminal survey).
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Figure 78 Moss sphere storage tank

ILVI.VIII Membrane storage tank

[.VIL.VIIL.1 Type of employment
LNG storage

ILVI.VIILI Field of application
Off-shore FSRU/TRV LNG regasifier

ILVI.VIILII Development stage (R&D, design, construction, operational)

Operational

ILVI.VIILIV Short description

Figure 79 Membrane storage tank

A membrane system is formed by installing thermal insulating material into the hull of the ship and
covering the surface with a metallic membrane. The purpose of the membrane is to maintain liquid
tightness so as to prevent any leae of the cargo liquid. This system consists of a double
construction of invar (36% nickel alloy steel) with 0.7 mm thickness as primary and secondary
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membranes. The insulation box also consists of a double layer structure. The total thickness of the
insuation system is approximately 530 mm to ensure a BOR-(BbRate) of 0.15% per day (further
data in the offshore TRV LNG terminal survey).

Primary
insulation box

Primary
membrane (invar)

Secondary
membrane (invar

insulation box Inner hull

Figure 80 Membrane system of a membrane storage tank
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[1.VIl Specific data of alternative e quipments z LNG vaporization
I.VII.I SCV (submerged combustion vaporizer)

ILVILII Type of employment

LNG vaporization

ILVILLII Field of application
Onshore / oftshore LNG regasifier

ILVILLII Development stage (R&D, design, construction, operational)

Operational

ILVIL.I.IV Short description

SCVs areomposed of stainless steel tubes submerged in a water bath. In this water bath a
submerged combustion chamber burns a lpvessure natural gas and is supplied with air via an
electric air blower. The heated exhaust from the combustion chamber is setiitetavater bath,

where LNG flows inside the stainless steel tubes, and transfers the heat needed to vaporize the LNG.
SCV technology is a closed loop system that does not require water intake and discharge; however,
condensate water is produced from the cbostion process (further data in the eshore LNG
terminal survey).

The primary advantages of the SCV technology are its compact size, high thermal efficiency, closed
loop water use, and ease of operation and maintenance. Disadvantages are the releagalated

air emissions generated during the combustion process, and potential discharge of condensate water
if it is not reused.

EXHAUST
STACK

PILOT GAS
PROCESS A/

FLUID

IN ouT
COMBUSTION AIR

I COOLING
. WATER
JACKET

<4

WATER RECIRCULATION <

DISTRIBUTOR DUCT WITH SPARGE TUBES

Figure 81 Scheme of a submerged combustion vaporizer
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[.VILII ORV (Open Rack Vaporizer)

ILVILILI Type of employment
LNG vaporization

ILVILILII Field of application
Onshore / offshore GBS LNG regasifier (not suitable for floatingludfe applications)

[LVILIL11I Development stage (R&D, design, construction, operational)

Operational

ILVILILIV Short description

ORVs are widely used where LNG faediare located in close proximity to a readily available supply

of seawater. They are made of aluminium alloy and use seawater as a sole source of heat. Pumps are
used to move the seawater from an overhead distributor over {bnged aluminium panels witthe

LNG flowing inside. Vaporization of the LNG is accomplished by transferring heat from the seawater
to the LNG. As the seawater passes over the aluminium panels, it is cooled and collected in troughs
at the bottom of the ORV before it is dischargedckanto the water source. Vaporization
effectiveness depends on seawater temperature (further data in the GBS LNG terminal survey).

The primary advantages of ORV technology are its operational flexibility, ease of maintenance, stable
heat transfer, and linted fuel consumption and air emissions. The primary disadvantages of this
technology are the withdrawal and discharge of large volumes of seawater, and potential
impingement and entrainment of organisms during withdrawal and thermal impacts on the rageivi
waterbody during discharge.

Panel Block : Aluminum alloy

Figure 82 Scheme of an Open Rack Vaporizer



ILVILIT IRV (Intermediate Fluid Vaporizer)

ILVILIILI Type of employment
LNG vaporization

ILVILIILII Field of application
Onshore / offshore LNG regasifier

[ILVILILII Develgment stage (R&D, design, construction, operational)
Operational

ILVILIILIV Short description

IFVs are counter current heat exchangers, which use sea water as heat source and an intermediate
heating fluid, such as propane, between sea water and LNG.

LNG Vaporizer NG

LNG Evaporation Fluid Condensation Fluid Evaporation

L\ [ © o o
L 5 3
o Jov 4 V ¥ L B VI A

NG Heating

=1

1
4 | | U,_U_G
NG Heater \f\fger

Fluid Vaporizer

Sea Water

Figure 83 Scheme of an Intermediate Fluid Vaporizer

The vaporizer is composed by 3 integrated sections in a sole shell. These sections are respectively
named:

1 Propane vaporizer: a reboiler where propane, which circulates through the-sitiellis
vaporized by the means of sea water flowing inside tube.

1 LNG vaporizer: previously generated propane vapour transfers heat to LNG, which flows
through the tubeside and becomes overheated natural gas. Propane condensation provides
the heat needed by th first stage of LNG vaporization. This section is placed on an upper
position in order to allow a drain of condensed propane due to gravity.

1 Natural gas heater: this section is a heat exchanger where natural gas outgoing from
vaporizer is heated insidésll by means of sea water inside tube. Sea water from NG heater
is conveyed to propane vaporizer trough a pipe.

The circulation of propane is closémbp during normal running, so pumping and restore are not
needed. Furthermore, in order to remove the dent of propane inside vaporizer circuit during
maintenance and in an emergency, there is a specific tank for propane (further data in the FSRU LNG
terminal survey).
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ILVILIV STV (Shell and Tube Vaporizer)

ILVILIV.I Type of employment
LNG vaporization

ILVILIV.1l Field of application
On-shore / offshore LNG regasifier

[LVILIV. 11l Development stage (R&D, design, construction, operational)

Operational

ILVILIV.IVShort description

STV system involves a heat exchanger in which tubes containing LNG pass through a shell containing
a countercurrent of heat excharg media, which may be a water/glycol mixture (see waste heat
recovery vaporizer in GBS LNG terminal survey) or seawater (see TRV LNG terminal survey). This
typology of vaporizer is remarkably flexible and allows several modes of operation.

[ Tatee Waser (e | [ Quttae Waewr (Cocty |

Figure 84 Scheme of a Shell and Tube Vaporizer

It may be used in a system of waste heat recovery (GBS LNG terminal survey), where a heat exchange
media transfers heat from hot turbine fumes to LNG, allowing the process of regasification.

235



Glycol Circulation Pump

— LNG Tank
= 1
LNG Vaporizer 2
Heat Source . g I l
Supply s e e
L L ~
F LNG Sendout Pump

Natural Gas

"

Heat Source
Return

Figure 85 Scheme of a waste heat recovery system

Other modes of LNG vaporization are possible with seawater as heat exchange media in closed, open
and combined loop.

In the ClosedLoop mode steam from the boilergs piped from the machinery spaces forward to the
heating water steam heaters within the regasification plant, which are used to heat water circulated
through the shelandtube vaporizers in the regasification plant. As such, there is no seawater intake
or discharge used specifically for the regasification process in the Alosgdmode.

In OpenLoop mode the basic process is much the same as Clhsep with the exception that
seawater is drawn in through the sea chests near the stern of the ve$églsdawater is used as a
heat source and passed through the tubes of the shetttube vaporizers. LNG is fed to the shell
side of the vaporizers where it contacts the outer surface of the tubes and the heat required for
vaporization is transferred. Théemperature of the seawater is lowered in this process by
approximately 7 G and this cooler water is discharged near the bow. For this reason, these vessels
are constrained from operating in the Opt&oop mode when water temperatures are below(7to
minimize the risk of icing within the vaporizers.

In the Combined Modef operation, seawater at temperatures between 7 and C4an be used and
is further heated using steam from boilers to provide sufficient heat for the vaporization of the LNG.

The primay disadvantages of this technology are fouling and maintenance of the shell and tube
exchangers, frequent periods of downtime for maintenance, potential freezing of the shell and tubes,
and impingement and entrainment of marine organisms.
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[LVIL.LV HIAAV (Heat Integrated Ambient Air Vaporizers)

ILVIL.V.IType of employment
LNG vaporization

ILVIL.V.1IField of application
Onshore / offshore LNG regasifier

[1.VIL.V.1ll Development stage (R&D, design, construction, operational)

Operational

I.VII.V.IVShort description

Figure 86 Heat Integrated Ambient Air Vaporizers

HIAAVs take heat from the surrounding air and transfer it to vaporize LNG as it passes through an
exchanger. The natural convection of air and subsequent heat transfer rate would be enhanced by
the height of the exchange A forced circulation of air could be also provided. The primary
advantages of the HIAAV technology are the use of surrounding air in the heating process, little to no
emissions during the warmer months, no noise generation from heating fans, and nofuse
intermediate fluids or secondary exchangers. The primary disadvantages with this vaporization
technology are its sensitivity to changes in air temperature, humidity, and wind speed; potential to
create fog on warm days; production and disposal of wadad the need for a backup system during
cooler months.
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Annex Il

Survey of available technologies for CCS surface installations
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l11.1 Introduction

This annex shows the survey of current availablg €&@pture and transport technologies performed
for the cased G dzZRBH GOl LJGdzZNB | yR &aSljdzSaidNI GdA2y>S 023K (SO
framework of the EC project iINT€3sk and reported in the following iINT&gsk deliverable:

)l

Paltrinieri, N., 2010. Generic risk analysis of the CCS ¢lsairiace installationsDeliverable
D1.2.1.1 of EC project iINFRisk, 7th FP, Grant: TP 21334%2.

A common template is used for technology description, in order to consent a systematic analysis for
the following C@capture and transport technologies:

T

= 4 4 A A -

)l

Postcombustion captue

Alternative technologies for post combustion capture
Precombustion capture

Alternative technologies for preombustion capture
Oxyfuel combustion

Alternative technologies similar to the oxyfuel combustion
Carbon dioxide compression

CQ transport

This€§ Ol A2y a2dNDSa 2F AYyTF2NNIGA2Yy NB NBLRNISR Ay
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[ll.II' Post-combustion capture

lHLILI Type of application
Postcombustion capture

[I1.11.11 Development stage (R&D, design, construction, operational)

R&D. In order to study the technology and its feditith some pilot plants have been built in these
years, notably the EU CASTOR pilot plant at the Esbjerg Pulverized Coal (PC) power station
(Esbjergveerket), Denmarinudsen et al. 2009)Moreover there are several other ¢@ost
combustion capture and stage projects planned for the futur@#ble31).

Table 31 Planned CO2 postcombustion capture and storage project$WRI 2008)

Project name Location Feedstock Size (MW) | Startup
date
Williston USA Coal 450 200915
AEP Alsom Northeastern USA Coal 200 2011
Sargas Husnes Norway Coal 400 2011
Scottish & Southern Enerd UK Coal 500 201112
Ferrybridge
Naturkraft Karstg Norway Gas 420 201112
WA Parish USA Coal 125 2012
RWE npower Tilbury UK Coal 1600 2013
Tenaska USA Coal 600 2014
UK CCS Project UK Coal 300400 2014
Statoil Mongstad Norway Gas 630 CHP | 2014
E.ON Karlsham Sweden oll 5 Undecided

CHP = Combined Heat Power

DOE/NETIKDOE/NETL 2007lso established baseline performance aodst estimates for PC
combustion energy plants with G@apture and storage.

IHLILIT Process description (Figueroa et al. 2008)

Postcombustion capture involves the removal of £@ainly from flue gases produced by Pulverized
Coal (PC), which produce about 743Wlk and Natural Gas Combined Cycle (NGCC) power stations,
which produce about 379 g/kWHEA GHG 2007Jhese two thermal power station systems are in
fact compatible with this capture metho@anniche et al. 2009Yhe power plants use air, which is
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almog four-fifths nitrogen, for combustion and generate a flue gas that is at atmospheric pressure
and typically has a G@oncentration between 5% (for the NGCC system) and 15% (for the PC
system). Thus, the thermodynamic driving force for, C&pture from fue gas is low, creating a
technical challenge for the development of cost effective advanced capture processes.

Typologies of postombustion capture (annex 1):

Aminebased systems (here considered)
Carbonatebased systems

Aqueous Ammonia

Chilled Ammonia®cess

Membranes

CQ Capture Sorbents

Metal Organic Frameworks (MOFs)
Enzyme Based systems

lonic liquids

=4 =4 -4 -4 -8 _98_°a_°2_-2

[L11.1V Potentiality (maximum annual production achieved/foreseeable)

EU CASTOR pilot plant at Esbjergvaerket captures 24 t/d,dkK@@lsen et al. 2009Another small
plant such as K8 LJt | y (i -1dsa lprbc@ss whith uses a proprietary sterically hindered amine
solvent) in Malaysia captures about 200 t/d of &©m reformer flue gas and plants capturing up to
450 t/d are being built. 15@00 t/d captureunits based on the ABB Lummus Global/Kerr McGee
MEA scrubbing process are operating at two doatl power plants in the US@®avison 2007)

A potential 500 MW pulverised coal power plant emits approximately 10¢0@@,000 t/d and a
natural gas combireg cycle plant approximately 4,000 t/d. This implies that a soplef 2050 times
would be necessary to achieyBteeneveldt et al. 2006)n fact, DOE/NETDOE/NETL 20QAvhich
used the ASPEN Plus modelling program to model a 550 MW PC power plar@Qvithpture,
assessed a potentiality equal to 13,5Q0L5,000 t/d (for respectively supercritical and subcritical
boiler). Approximately 90 percent of the CO2 in the flue gas is cap{r@&/NETL 20Q7)
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1.1V Noticeable substances and materials involved

An oveview of existing solvents for G@bsorption processes.

Table 32 CO, solvents under developmen(Steeneveldt et al. 2006)

Absorbent Licenser

Absorbent

Fluor Econamine FG Plus

MEA + proprietary inhibitor to recover CO2

FluorDarnel Ecoamine

MEA + additives

ABB Lummus&lobal MEA
Mitsubishi KS1, KS3
TNO CORAL
University of Regina PSR

Praxair

Amine Blends

CANSOL&/

CANSOL¥/
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lLILVI Block diagram

Subcritical PC boiler power plant is here considered.
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Figure 87 Subcritical PC boiler power plant block diagram (DOE/NETL 2007)
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.1Vl Process flow diagram
A process flow diagram of an Econamine FG+ CO2 capture plant is here considered.
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Figure 88 Fluor Econamine FG Plus Typical Flow Diagram(DOE/NETL 2007)

HLILVIII Main equipments

Only main equipments in power plants connected to the pmshbustion capture technology are
here considered:

SQ polishing scrubber

CQ absorber

Rich/lean amine heat exchanger
Solvent stripper

Solvent stripper reclaimer

CQ compressor

= =4 -4 -4 -8 -9

lLILIX Description/scheme of significant equipment

The reportof DOE/NETL (200@)odelled both PC and NGCC power station systems. Nevertheless the
two technologies were supposed to use the same €4pture process (Fluor Econamine FG Plus)
with only minor modifications, such as the absence of a g@ishing step in the NGCC case. In fact,

if the pipeline natural gas used in this study contained the maximum amount of sulfur allowed per
EPA specifications (0.6 gS/100 scf), the flue gas would contappty of S@ which is well below

the limit where a polishing scrubber would be required (10 ppmv).

Moreover, iInDOE/NETL (200m)was done a further differentiation between PC supercritical and
subcritical boiler power plants, but the only differencegaeding CDR facility is a small CO2 rate
variation.

This survey considered the second case (subcritical PC boiler power plant) because of its higher rates.
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A Carbon Dioxide Recovery (CDR) facility is us&®DE/NETL (2007 remove 90 percent of the
CO2in the flue gas exiting the Flue Gas Desulphurization (FGD) unit, purify it, and compress it to a
supercritical condition. The flue gas exiting the FGD unit contains about 1 percent maiteaG@e

raw flue gas because of the Ciberated from the limstone in the FGD absorber vessel. The CDR is
comprised of the flue gas supply, §®@lishing, C@absorption, solvent stripping and reclaiming, and

CQ compression and drying.

The CQ® absorption/stripping/solvent reclaim process DMOE/NETL (20073 basedon the Fluor
Econamine FG Plus technology. This process is designed to recovputiigiCQ from low-pressure
streams that contain oxygen, such as flue gas from-fbea power plants, gas turbine exhaust gas,
and other waste gases.

[1.11.1X.1 SQ polishing scribber (DOE/NETL 2007)

To prevent the accumulation of heat stable salts, the incoming flue gas must have ,an SO
concentration of 10 ppmv or less. The gas exiting the FGD system passes throughpalis8ig

step to achieve this objective. The polishingpst®nsists of a neplugging, lowdifferentiapressure,
spraybaffle-type scrubber using a 20 wt% solution of sodium hydroxide (NaOH). A removal efficiency
of about 75 percent is necessary to reduce, @issions from the FGD outlet to 10 ppmv as
required by the Econamine process. The polishing scrubber proposed for this application has been
demonstrated in numerous industrial applications throughout the world and can achieve removal
efficiencies of over 95 percent if necessary.

The polishing scrubber alserves as the flue gas cooling system. Cooling water from the PC plant is
used to reduce the temperature and hence moisture content of the saturated flue gas exiting the
FGD system. Flue gas is cooled beyond thea@Gsbrption process requirements to 32fCaccount

for the subsequent flue gas temperature increase of about 17°C in the flue gas blower. Downstream
from the Polishing Scrubber flue gas pressure is boosted in the Flue Gas Blowers by approximately
0.14 bar to overcome pressure drop in the,@Borber tower.

NLILIX.II CQ absorber(DOE/NETL 2007)

The cooled flue gas enters the bottom of the ,Cabsorber and flows up through the tower
countercurrent to a stream of lean MHrased solvent called Econamine FG Plus. Flue gas
temperature is typically between 40 ral 80 C (Steeneveldt 2006)in this case is about 4€.
Approximately 90 % of the G@ the feed gas is absorbed into the lean solvent, and the rest leaves
the top of the absorber section and flows into the water wash section of the tower. The leantsolven
enters the top of the absorber, absorbs the gm the flue gases and leaves the bottom of the
absorber with the absorbed GO

The purpose of the water wash section is to minimize solvent losses due to mechanical entrainment
and evaporation. The flueag from the top of the CQabsorption section is contacted with a-re
circulating stream of water for the removal of most of the lean solvent. The scrubbed gases, along
with unrecovered solvent, exit the top of the wash section for discharge to the atmosplie the

vent stack. The water stream from the bottom of the wash section is collected on a chimney tray. A
portion of the water collected on the chimney tray spills over to the absorber section as water
makeup for the amine with the remainder pumped th& wash water Pump and cooled by the wash
water cooler, and recirculated to the top of the Cabsorber. The wash water level is maintained by
water makeup from the wash water makeup pump.

Two operating absorbers were considered in this simulation, witle following design inlet
conditions.
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Table 33 Absorber design inlet conditionsconsidered inDOE/NETL (2007) for simulation of a 550 MW
pulverized coal power plant with CO, capture

Parameter Design value
Temperature (°C) 49

Pressure (bar) 1.14
Flowrate (kg/h) 1,890,575
Concentration (wt % CO2) 20.2

In factBP Global (2008tates that a power plant of 500 MW capacity should require 2 absorber
columns, each 12 metres in diameter and 35 metres high.

Otherwise a small CO2 alvber tower like that one at the EU CASTOR pilot plant, with a potentiality
equal to 24 t/d of CQ is 1.1 m in diameter and 20 m in height: four consecutive packed beds for
absorption 4.25 m in height each and filled with IMTP50 random packing and aweadblrbed 3 m

in height and filled with structured packin&gnudsen et al. 2009)n this case the following design
inlet conditions are considered.

Table 34 Absorber design inlet conditionsconsidered in(Knudsen et al. 2009¥or EU CASTOR pilot plant

Parameter Design value

Temperature (°C) 47

Pressure (bar) Gt NBaadz2NE atA3akKate o
Flowrate (Nn¥h) 5,000 ~ 0.5% of ESV flue gas flow
Concentration (wt % CO2) ~20

Max solvent flow (rffh) 40

IHLILIX.I Rich/lean amine heat exchager (DOE/NETL 2007)

The rich solvent from the bottom of the g@bsorber is preheated by the lean solvent from the
solvent stripper in the rich lean solvent exchanger. The heated rich solvent is routed to the solvent
stripper for removal of the absorbed @Orhe stripped solvent from the bottom of the solvent
stripper is pumped via the hot lean solvent pumps through the rich lean exchanger to the solvent
surge tank. Prior to entering the solvent surge tank, a slipstream of the lean solvent is pumped via
the solvent filter feed pump through the solvent filter package to prevent bugdbf contaminants

in the solution. From the solvent surge tank the lean solvent is pumped via the warm lean solvent
pumps to the lean solvent cooler for further cooling, aftanigh the cooled lean solvent is returned

to the CQ absorber, completing the circulating solvent circuit.
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ILILIX.IV Solvent strippeDOE/NETL 2007)

The purpose of the solvent stripper is to separate the, €@m the rich solvent feed exiting the
bottom of the CQabsorber. The rich solvent is collected on a chimney tray below the bottom packed
section of the solvent stripper and routed to the solvent stripper reboilers where the rich solvent is
heated by steam, stripping the G@om the solution. Steam is provideflom the lowpressure
section of the steam turbine and is betweerl2 bar and 366896°C. The hot wet vapor from the top

of the stripper containing GO steam, and solvent vapor, is partially condensed in the solvent
stripper condenser by cross exchangittge hot wet vapor with cooling water. The partially
condensed stream then flows to the solvent stripper reflux drum where the vapor and liquid are
separated. The uncondensed £@h gas is then delivered to the €@roduct compressor. The
condensed liquidrom the solvent stripper reflux drum is pumped via the solvent stripper reflux
pumps where a portion of condensed overhead liquid is used as ‘makeater for the water wash
section of the C@absorber. The rest of the pumped liquid is routed back togbkent stripper as
reflux, which aids in limiting the amount of solvent vapors entering the stripper overhead system.

No design data are given DOE/NETL (200%)r the 2 solvent strippers considered in the simulation.
Only some design data are givem the smaller solvent stripper at the EU CASTOR pilot plant.

Table 35 Solvent stripper design conditions considered irfKnudsen et al. 2009)for EU CASTOR pilot
plant

Parameter Design value
Max stripper pressure (bar) 3
Max sohent flow (n¥/h) 40

Max reboiler steam flow (kg/h) at 3.5 bar 2500

Max solvent flow 40

[LIL.IX.V Solvent Stripper Reclaimer

A small slipstream of the lean solvent from the solvent stripper bottoms is fed to the solvent stripper
reclaimer for the removal of highoiling nonvolatile impurities (heat stable saltsHSS), volatile
acids and iron products from the circulating solvent solution. The solvent bound in the HSS is
recovered by reaction with caustic and heating with steam. The solvent reclaimer systepesedu
corrosion, foaming and fouling in the solvent system. The reclaimed solvent is returned to the
solvent stripper and the spent solvent is pumped via the solvent reclaimer drain pump to the solvent
reclaimer drain tank.

HLILIX.VICQ compresso(DOE/NETL 2007)

In the compression section of simulation, the G®©compressed to 153 bar by a-stage centrifugal
compressor. The discharge pressures of the stages were balanced to give reasonable power
distribution and discharge temperatures across the various stagsisayen inTable36.
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Table 36 CO2 Compressor interstage pressureDOE/NETL 2007)

Stage | Outlet pressure (bar)
1 3.6

2 7.8

3 17.1

4 37.6

5 82.7

6 153

During compression to 153 bar the multiplestage, intercooled compressor, the £8ream is
dehydrated to a dewpoint 040°C with triethylene glycol.

[11.11.X Description of main positive features and critical points

l.I1.X.I Positive featuregFigueroa et al. 2008)
- Applicable to the majority of existy PC and IGCC power plants

- Retrofit technology option

I X.II Critical points(Wall 2007)
Low CQpartial pressure:

- Significantly higher performance or circulation volume required for high capture levels
CQ produced at low pressure compared to sequestratiequirements

Aminesbased solvents (MEA, MDEA, DEA) are suited to the lean combusti@moi@@ntrations of

flue gas, but require a large amount of energy to regenerate the solvent (in the solvent stripper), this
being as much as 80% of the total energytlié process. A generation efficiency loss results,
requiring the use of additional fuel.

There are also interactions between the L@pture system and the control of other emissions such
as S@and NQ, which react with MEA to form hestable salts thateduce the C@absorption
capacity of the solvent.

O in the flue gas also causes degradation of the amines and its products can lead to corrosion
problems.

Furthermore, degradation products are highly toxic and a first bibliographic analysis showkethat
only means of eliminating thme are incineration or burial (Kanniche et al. 2009)

ILILXI Description of particularly relevant technical solutions

Cfd2NRna 902yl YAYS CD tfdza Aa I LINRPLINASGINE | OAR
than 95% availabty with natural gas fired power plants, specifically on a 350 ton/day caPture

plant in Bellingham, MA. It is currently the stagkéthe-art commercial technology baseline and is

used in comparing other G@apture technologies.

249



HLILXI.I R&D requirementgWall 2007)
- NQ, SQ and Hg removal, consistent with solvent tolerance

- Materials for high efficiency (temperature) steam cycles, €pture by improved chemical
and physical solvents, or by membrane and absorption technigues. Reduced energy for CO
capture
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.11 Alternative technologies for post combustion capture

IHLLILT NGCC power plant with post combustion CQ capture (DOE/NETL 2007)
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Figure 89 NGCC power plant with postcombustion CO, capture block diagram

L1111 Emerging alternative technologies for post combustion CO . capture (IEA GHG
2009)

[LIILILI Carbonate based systems

These are based on the ability of soluble carbonate to react witht@€€@rm a bicarbonate which,

when heated, releases G@nd reverts to a carbonate. Significantly lower energyeguired for
regeneration, compared to amines. At the University of Texas, AustinC@ Kased system has

been developed which uses Piperazine, (PZ) as catalyst. A benefit is that oxygen is less soluble in
K.CQ/PZ solvents. This system has adsorptiore ri®30 % faster than a 30 % solution of MEA and

has favourable equilibrium characteristics. PZ is more expensive than MEA so economic impact of
oxidative degradation is about the same. However, higher loading capacity, structured packing and
multi-pressue stripping can give more savings.

LI AQueous Ammonia

Ammoniabased wet scrubbing is similar to amine system in operation. Ammonia and its derivatives
react with CQ via various mechanisms, one of which is reaction of water, &M@ Ammonium
Carbonate to fom Ammonium bi Carbonate. The reaction has significantly lower heat of reaction
(energy savings) than amitmsed systems, provided the adsorptidasorption cycle is limited to
this mechanism. Other advantages are potential of highey €@@acity, lack oflegradation during
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absorption/regeneration, tolerance to oxygen in flue gas, low cost, and potential for regeneration at
high pressure. There is also a possibility of reaction witlraB@NQ-components in flue gas to form
fertiliser as saleable bygroduO i @ ¢ KSNB | NB O2y OSNya NBfFGSR (2 |-
to be cool to 1§25 °C to enhance G@bsorptivity and minimise ammonia emissions during
absorption steps. Also, there are concerns about ammonia losses during regeneration, whish occu
at higher temperatures.

LU Chilled Ammonia Process

This uses the same Ammonium Carbonate (AC)/Ammonium Bi Carbonate (ABC) absorption chemistry
as the aqueous system described above, but differs in that a slurry of aqueous AC and ABC and solid
ABC is cirdated to capture C© The process operates at near freezing temperaturedCC), and

the flue gas is cooled prior to absorption using chilled water and a series of direct contact coolers.
Concerns associated with this process include cooling the fas apd absorber to maintain
operating temperatures below 10 °C (required to reduce ammonia slip, achieve higlaga@ities,

and for AC/ABC cycling), mitigating the ammonia slip during absorption and regeneration, achieving
90 % removal efficiencies insigle stage, and avoiding fouling of heat transfer and other equipment

by ABC deposition as a result of absorber operation with a saturated solution.

LIV Membranes

In one concept, flue gas will be passed through a bundle of membrane tubes and aminemaih flo

the shellside. C@Qwould pass through and be absorbed in amine while impurities will be blocked. It
should also be possible to achieve high loading differential between rich and lean amine. After
leaving the bundle, amine would be regenerated and/obed in the normal way. Another concept is
use of inorganic membranes.

[LIILILY CO2 Capture sorbents

These are prepared by treating high surface area substrates with various amine compounds.
Immobilisation of amine groups on high surface area material signifjcercreases the contact area
between C@and amine. The Research Triangle Institute is developing another process ideally suited
for retrofit application in norpower and power generation sectors.

IHLIILILVI Metal Organic Frameworks (MOFs)

Through this method higlstorage capacity may be possible and heat required for recovery of
adsorbed CO2 is low. Over 600 such frameworks have been developed. UOP is leading DOE efforts in
this area and has developed a screening modelling too

HLILILVII Enzyme Based systems

An enzymebasedsystem, which achieves ¢g@apture and release by mimicking the mechanism of
the mammalian respiratory system, is under development by Carbozyme. The process utilises
carbonic anhydrase (CA) enzyme in a hollow fibre contained liqguid membrane and hasstieteain

the potential for 90 % C{rapture in laboratory. The process has shown to have very low heat of
absorption that reduces energy penalty typically associated with absorption process. The rate of CO
dissolution is limited by the rate of agueous £®dration and the Cgcarrying capacity limited by
buffering capacity. Adding CA to the solution speeds up the rate of carbonic acid formation. The
ability of CA to make turnover faster (catalyse hydration of 600,000 molecules of CO2 per molecule
of CA persecond compared to max rate of 1,400,000). Technical challenges include membrane
boundary layer, pore wetting, surface fouling, loss of enzyme activity;tkmng operation and scale

up.
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LIV lonic liquids

These can dissolve gaseous,@@d are stable at teperatures up to several hundred degrees
centigrade. Their good temperature stability offers the possibility of recoveringflo@ flue gas
without having to cool it first. Also, since these are physical solvents, little heat is required for
regeneration.At the same partial pressures they have shown SO2 solubiltfy times higher than

that for CQ. Hence they can be used for S&ep as well. Their high viscosities may be limitation in
application. Capacity still needs to be significantly improved, hewewo meet cost targets.
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[lI.IV Pre-combustion capture

lL.IV.I Type of application
Precombustion capture

.1V Development stage (R&D, design, construction, operational)

Design. Currently no preombustion C@capture plants are running, but there are several pre
combustdn capture and storage projects planned all over the worlab{e37).

Table 37 Planned CQ, pre combustion capture and storage project$WRI 2008)

Project name Location Feedstock | Size  (MW,| Start-up
except as| date
noted)

Fort Nelson Canada Gas Gas process | 2011

ZeroGen Australia Coal 100 2012

UAE Project UAE Gas 420 2012

Appalachian Power USA Coal 629 2012

Wallula Energy Resource Centerpf USA Coal 600-700 2013

RWE Zero GO Germany Coal 450 2015

Monash Energy Australia Coal 60,000 bdp | 2016

Powerfuel Hatfield UK Coal 900 Undecided

Polygen project Canada Coal/ 300 Undecided

Petcoke

bdp = barrels per day

LIVl Process description (Nord et al. 2009)

In this technology the fossil fuel is used fopducing a syngas and the carbon (ag)G®separated

out before the combustion takes place. The fuel for the combustion mainly consists of hydrogen
mixed with a diluent, such as, nitrogen or steam. This capture method involves the removalinf CO
integrated gasification combined cycle (IGCC) and natural gas combined cycle (NGCC) power stations,
after the conversion of CO of syngas to, @@ough the shift reactor.

In the first case syngas is the product of coal gasification process, in the secoral maghict of
natural gas reforming (partial oxidation and steam reforming).

Typologies of pre combustion capture:
1 Physical wash processes using Rectisol or Selexol solvents

1 Sorption enhanced reaction process (SER)

254



1 Removal of hydrogen in dehydrogenatiomdasynthesis gas reactions with membranes

lL.IV.IV Potentiality (maximum annual production achieved/foreseeable)

A simulation of a 550 MW IGCC power plant, carried out in the DAE/NETL 20073hows that
CQ production in this kind of power plant is approxitaly equal to 12,000 t/d and it is mostly
captured by precombustion capture units (99 % of QA similar simulation on a 450 MW NGCC
power plant(Kanniche et a. 2009, Nord et al. 20@3sesses a G@apture of 4,000 t/d for this kind
of power plant.

lI.IV.V Noticeable substances and materials involved (IEA GHG 2009)
Two widely used physical solvents are:

1 Selexol. A mixture of the dimethyl ethers of polyethylene glycol. It is widely used presently in
applications as selective removal of3Hand COS in IGCCijmefies or fertilizer industry. The
product specifications achievable depend on the application and can be anywhere from
ppmv up to percent levels of acid gas.

1 Rectisol. A physical acid gas removal process using an organic solvent (methancfexbsub
temperatures. It can purify synthesis gas down to 0.1 vppm total sulphur (including COS) and
CQ in ppm range. Rectisol wash units are operated worldwide for the purification of
hydrogen, ammonia, and methanol syngas, and the production of pure carbon iderand
oxo-gases.
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l.IV.VI Block diagram

IGCC power plant is here considered.
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Figure 90 General Electric Energy gasifier IGCC power plantblock diagram (DOE/NETL 2007)
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[I.IV.VIl Process flow diagram

A process flow diagram of a Selexol C&pture plant is here considered.
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Figure 91 Two-stage Selexol process Flow Diagram

HLIV.VIII Main equipments

Only main equipments in power plants connected to the pre combustion capture technology are
here considered:

1 Air Separation Unit
H,Sabsorber ™
CQ absorber

Stripper > Twostage Seleol process
Reabsorber

H,S concentrator )

Hydrogen turbine

= =4 4 A4 A A -

CQ compressor and dehydrator
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[11.IV.1X Description/scheme of significant equipment

HLIV.IX.1Air Separation UnittDOE/NETL 2007)

The air separation plant is designed to produce 95 mole percefar@se in the gasifier. The plant is
designed with two production trains, one for each gasifier. Nitrogen is also recovered, compressed,
and used as dilution in the gas turbine combustor. A process schematic of a typical ASU is shown in
Figure9l.

The air feed to the ASU is supplied from a staluhe compressor. Air to the staradone
compressor is first filtered then compressed with intercooling between each stage.

Subsequently an adsorption removes water, carlddrxide, and ¢ saturated hydrocarbons in the
air.

The air from the prepurifier is then split into three streams. About 70 percent of the air is fed
directly to the cold box. About 25 percent of the air is compressed in an air booster compressor. This
boosted air is then cooled in an aftercooler against cooling water in the first stage and against chilled
water in the second stage before it is fed to the cold box. The chiller utilizes low pressure process
steam at 0.3 MPa (50 psia). The remaining 5 peroéthe air is fed to a turbindriven, singlestage,
centrifugal booster compressor. This stream is cooled in a shell and tube aftercooler against cooling
water before it is fed to the cold box.

All three air feeds are cooled in the cold box to cryogdemperatures against returning product
oxygen and nitrogen streams in plaa@dfin heat exchangers. The large air stream is fed directly to
the first distillation column to begin the separation process. The second largest air stream is liquefied
againstboiling liquid oxygen before it is fed to the distillation columns. The third, smallest air stream
is fed to the cryogenic expander to produce refrigeration to sustain the cryogenic separation process.
Inside the cold box the air is separated into oxy@ew nitrogen products. The oxygen product is
withdrawn from the distillation columns as a liquid and is pressurized by a cryogenic pump.

The pressurized liquid oxygen is then vaporized against thepnggsure air feed before being
warmed to ambient tempeature. The gaseous oxygen exits the cold box and is fed to the centrifugal
compressor with intercooling between each stage of compression. The compressed oxygen is then
fed to the gasification unit.

Nitrogen is produced from the cold box at two pressureels. Lowpressure nitrogen is split into two
streams. The majority of the loyressure nitrogen is compressed and fed to the gas turbine as
diluent nitrogen. A small portion of the nitrogen is used as the regeneration gas for thgupfiers

and recomlined with the diluent nitrogen. A highressure nitrogen stream is also produced from
the cold box and is further compressed before it is also supplied to the gas turbine.
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Figure 92 Typical ASU process schemati¢(DOE/NETL 2007)

ILIV.IX.11 Selexol process

A two-stage Selexol proces®OE/NETL 2007 used for the IGCC capture case considered in this
study. A brief process description follows.

Untreated syngas enters the first of two absorbers whes8 I8 preferentially removed using loatle
solvent from the C@absorber. The gas exiting theSHabsorber passes through the second absorber
where CQ is removed using first flash regenerated, chilled solvent followed by thermally
regenerated solvent added near the top of the column. The tregi@slexits the absorber and is sent
either directly to the combustion turbine or is partially humidified prior to entering the combustion
turbine. A portion of the gas can also be used for coal drying, when required.

The amount of hydrogen recovered frorhet syngas stream is dependent on the Selexol process
design conditions. In this study, hydrogen recovery is 99.4 percent. The minimal hydrogen slip to the
CQ sequestration stream maximizes the overall plant efficiency. The Selexol plant cost estimates are
based on a plant designed to recover this high percentage of hydrogen. For model simplification, a
nominal recovery of 100 percent was used with the assumption that the additional 0.6 percent
hydrogen sent to the combustion turbine would have a negligiimgact on overall system
performance.

The CQIloaded solvent exits the G@bsorber and a portion is sent to the$labsorber, a portion is
sent to a reabsorber and the remainder is sent to a series of flash drums for regeneration. The CO
product streamis obtained from the three flash drums, and after flash regeneration the solvent is
chilled and returned to the G@bsorber.

The rich solvent exiting the,H absorber is combined with the rich solvent from theabsorber and

the combined stream is heateusing the lean solvent from the stripper. The hot, rich solvent enters
the HS concentrator and partially flashes. The remaining liquid contacts nitrogen from the ASU and a
portion of the C@along with lesser amounts of,8 and COS are stripped from thieh solvent. The
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stripped gases from the 8 concentrator are sent to the Habsorber where the 6 and COS that
were costripped in the concentrator are transferred to a stream of loaded solvent from the CO
absorber. The clean gas from theabsorberis combined with the clean gas from theSHabsorber
and sent to the combustion turbine.

The solvent exiting the 43 concentrator is sent to the stripper where the absorbed gases are
liberated by hot gases flowing up the column from the steam heated rebMater in the overhead
vapor from the stripper is condensed and returned as reflux to the stripper or exported as necessary
to maintain the proper water content of the lean solvent. The acid gas from the stripper is sent to the
Claus plant for further qpcessing. The lean solvent exiting the stripper is first cooled by providing
heat to the rich solvent, then further cooled by exchange with the product gas and finally chilled in
the lean chiller before returning to the top of the €&bsorber.

ILIV.IX.11l Hydrogen urbine (Steeneveldt 2006)

The hydrogen turbine is the unit that is common for all-peanbustion technologies for all fuels.
Pure hydrogen presents several complex challenges for flame stability due to its very high flame
speed when premixed, and its higgmperatures when noipremixed. The high flame temperatures
resulting from hydrogen combustion are attenuated by the addition of nitrogen and/or steam.

At present, only dilution based on diffusion is commercially available for hydnigierrombustion
andincreases in hydrogen content increase the required amount of dilution gases. Although steam is
the more effective of the two diluents, steam dilution results in higher metal temperatures of the
hot-gas components that can reduce equipment lifetimes ihgrtemperatures; and thereby also
engine efficiency are not reduced. Moreover, steam extraction has a direct negative impact on the
energy efficiency of a combined cycle. So, nitrogen is generally preferred over steam for dilution, but
for high hydroge content, the large volumetric flow to the combustor presents a design challenge.

Modifications to the combustors and fuel mixing system are the principal requirements when
converting a natural gas turbine to burn hydrogech fuels. Although hydrogen kaalmost three

times more energy by mass than natural gas, by volume the energy density is much lower. As a
result, hydrogen fuelled gas turbines will require larger delivery piping, manifold, valves and nozzle
sizes than natural gasurning engines currdly need. Compressing hydrogen to a greater operating
pressure than natural gas, to increase its volumetric energy density, would mitigate the increased
size requirements for delivery equipment. The flammability range of hydrogen is quite large
compared toother fuels, so that the fuel/air ratio can be throttled for much leaner combustion.

Although hydrogen combustion turbines are not presently commercially produced, there appears to
be no major technical barriers for gas turbines burning gases with hydrogetents up to roughly

70%. While immediate efficiency gains could be obtained using hydrogen in place of natural gas,
these would likely be offset by N@ontrol considerations, such as a lean fuel/air mixture to limit the
combustion temperature. Sincefficiency and power roughly can be considered equal between
these fuels, the most significant gain from converting to hydrogen fuelled gas turbines is its nearly
completely clean emissions profile.

ILIV.IX.IVCQ compressor and dehydratofDOE/NETL 2007)

CQ from the acid gas removal process is generated at three pressure levels. The LP stream is
compressed from 0.15 MPa (22 psia) to 1.1 MPa (160 psia) and then combined with the MP stream.
The HP stream is combined between compressor stages at 2.1 MPa (300 ps@mbiveed stream

is compressed from 2.1 MPa (300 psia) to a supercritical condition at 15.3 MPa (2215 psia) using a
multiple-stage, intercooled compressor. During compression, thestr®am is dehydrated to a dew

point of -40°C with triethylene glycol.
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l1.IV.X Description of main positive features and critical points  (Figueroa 2008)

[.1V.X.1Positive features
Synthesis gas is:
- Concentrated in CO
- High Pressure
To the extent that the concentration and pressure of the, €C@ntaining stream can be increased,
then the size ad cost of the capture facilities can be reduced. Moreover there are existing capture
process for concentrated GGtreams or C&containing stream at high pressure.
.1V X 11 Critical points
- Applicable mainly to new plants, as few gasification plants are currigntigeration
- Barriers to commercial application of gasification are common tecprabustion capture
o0 Availability
o Cost of equipment
0 Extensive supporting systems requirements
Safety issueanniche et al. 2009)
- Use of pure oxygen
- Control over highly toxigases (CO and H2S)

- Control over combustion of hydrogen in combustion turbines (flame stability)

lI.IV.X] Description of particularly relevant technical solutions (SFA 2002)

The Selexol process solvent is a mixture of dimethyl ethers of polyethylene glycol, atkdehas
formulation CHCHCHO),CH, where n is between 3 and 9. The Selexol solvent is chemically and
thermally stable, and has a low vapor pressure that limits its losses to the treated gas. The solvent
has a high solubility for GAHS, and COS. It alkas an appreciable selectivity fogFover CO

The Selexol process can be configured in various ways, depending on the requirements for the level
of HS/CQ selectivity, the depth of sulfur removal, the need for bulk, @noval, and whether the

gas neds to be dehydrated. Where selectiveSHremoval is required, together with deep L£O
removal, a twestage Selexol process is generally used.

R&D requirementgWall 2007)

- Oxygen production (with higher efficiency and lower cost, perhaps by ion transpdrt a
other novel systems)

- Longer life refractories

- System design specific to local conditions and regulatory environment
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1.V Alternative technologies for pre -combustion capture

lI1.V.I Rectisol CG; capture plant
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Figure 93 Rectisol process flav diagram

If all carbon is to be removed from synthesis gas, such as fos€tDestration, this Rectisol layout
could be used. In such a scheme, separate absorption and solvent regeneration steps would be used,
with a shift conversion step between the éwsteps. Selective removal of the sulfur compounds
would take place in the first stage, followed by the shift conversion step. Bulke@@val would

take place in the second stage.

l.V.II Other advanced options

The sorption enhanced reaction process (SE®)mbhnes catalytic shift conversion (of carbon
monoxide and steam to hydrogen and carbon dioxide) with a high temperatusca@gorption
system using a mixture of solid catalyst and adsorbent. The conversion gneér@@val steps are
carried out in a multbed pressure swing adsorption unit which is regenerated using low pressure
steam which is subsequently condensed to leave a relatively pugestt&am (Steeneveldt et al.
2006).

Theremoval of hydrogerin dehydrogenation and synthesis gas reactiafith membraneshas been
widely studied. Two different approaches have been investigated: integration of a membrane into
the reformer and integration of a membrane into the high temperature shift reactor. Product
removal may occur by jpermeation through a Pdlloy a composite Peteramic membrane or a
ceramic porous membrane. The permeation of the sweep gas onto the feed (i.e. retentate) side also
contributes to increasing the conversion.

262



V.l NGCC power plant with pre -combustion CO- capture (Nord et al. 2009)

Figure 94 NGCC power plant with pre-combustion CO2 capture block diagram
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